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I ABSTRACT

This report documents the analytical and design efforts performed by the
l IGeneral Electric Company in synthesizing an Infrared Simulation System (IRSS).
£. This design meets or exceeds the requirements of MICOM Technical Require-

ment No. 1276, can be implemented in a reasonable interval, and will operate
I reliably, safely and with minimum alignments thereafter.

The infrared Simulation System will be used for the development and evaluation
of advanced infrared missile guidance components, subsystems and systems"1. as a part of MICOM's Advanced Concepts Development Facility (ACDF) nownder construction.

I This report covers, in addition to the detailed description of the design
approach, selected rationales leading to important choices, results of analyses

I and trade-offs made, a consideration of interfaces among key subsystems and
i! with the Hybrid Computation Laboratory, and planned potential for future

growth in both capability and application.
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I) 1.0 INTRODUCTION

1. 1 SUMMARY

I This Final Report summarizes and records the work done under Phase I (Design) of
IRSS by General Electric's Re-entry and Environmental Systems Division under
contract DAAHO1-71-C-0571. It is organized into the following major subsections:

* Technical Requirements and Design Goals

I e Description and Technical Approach

* Discussion of Key Performance Parameters

6 Detailed Descriptions of Various Subsystems and Interfaces

0 Provisions for Modular Growth

Figure 1-1 shows the layout of the nRSS. It consists of four major subsystems which
are discussed in detail in the remainder of this report. These are: the Guidance Unit3, Mount, the Display, the Projection, and the Control Console/Computer Interface sub-
systems. The layout of the IRSS Laboratory itself is shown in Figure 1-2, and a
dimensioned overall layout in GE Dwg. No. SK-56205-537 in Appendix C.

1.2 PURPOSE AND USE

£ 1.2.1 GENERAL

The effort reported herein leads to providing the Advanced Sensors Laboratory, R&ED,5USAMICOM, with an Infrared Simulation System (IRSS) to be used in the development
and evaluation of advanced infrared guidance systems. This IRSS will be a part of the
Advanced Concepts Development Facility (ACDF) currently under construction as an
addition to McMorrow Laboratories, Bldg. 5400, Redstone Arsenal, Alabama.

1.2.2 PURPOSE OF THE ACDF

The Advanced Concept Development Facility is an RDT&E tool which will facilitate
improved effectiveness in the development of Army missile systems. This will be
accomplished by providing the resources and capabilities necessary for developing
and evaluating missile systems, subsystems, and components throughout the RDT&E
development cycle. One of the major resources of the ACDF will be the Electro-I Optical/Infrared (EO/IR) Simulation Laboratory. This laboratory will provide the
facilities necessary for simulation of the target/missile/environment interaction for
a wide variety of electro-optical and infrared guidance concepts. A hybrid computer
laboratory containing large scale analog and digital computers will be an integral
part of the ACDF. The EO/IR Simulation Laboratory will have access to these

: 1. computers for the simulation of missile and target motion, generation of driving
5 functions for the physical simulation equipment, experiment control, and data
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recording. This combination of laboratories will allow full scale closed-loop simula-
tion of missile behavior from launch to intercept.

1.2.3 PURPOSE OF THE ERSS

The IRSS will be a part of the EO/IR simulatory and as such will be one of the vital 3
elements in the overall system development process in that it will allow rapid and
repeatable testing of guidance components, subsystems, and systems under realistic
but controlled conditions. As a design tool, this system will be used to: (1) evaluate I
breadboard and brass board hardware performance; (2) evaluate design modification
to existing hardware; (3) establish component parameters for optimum performance;
(4) perform post flight analyses; (5) establish miss distance statistics; and other I
related studies. In addition to these uses, studies of passive and active infrared
countermeasure effectiveness will be conducted.

Although the primary utilization of the IRSS will be in the development and evaluation
of infrared homing guidance systems for surface-to-air missiles, the basic facility
will possess sufficient flexibility such that, with modifications or additions, other I
types of guidance systems, such as command-to-line-of-sight or laser semi-active,
can be accommodated.

1.2.4 INTENDED USE OF THE IRSS

The IRSS is to be a general laboratory simulation tool adaptable to a variety of uses
throughout the guidance system development cycle. In this respect, it is intended that
the IRSS provide a capability for accomplishing those functions which are typically
performed on several different equipments. Three levels of simulation can be identified
within this context:

1.2.4.1 System Simulation

At this level, all essential features of a real-time engagement, to include target,
background, and missile must be simulated. Real hardware will be used for the
guidance system. Provision must be made for presenting a target to the system,
moving the target according to the apparent relative motion, and moving the system
to simulate missile maneuver. The spectral and spatial characteristics of the targets
and background presented to the system must be indistinguishable from the real world
as perceived by the system. A full range engagement, from launch to intercept, will
be flown. The purpose of this level of simulation is to determine the response of the
system to real world situation, establish miss-distance statistics, and to ascertain the
limits of its performance as a function of many variables. Closed loop operation using
analog/digital computers is required.

1.2.4.2 Subsystem Evaluation

At this level, the IRSS will function essentially as a rate table, with single or multiple
sources wherein a guidance system is presented with radiometric and dynamic stimuli

4



and its response to these stimuli measured. Routine target tracking tests, multiple
L !target discrimination tests, and passive and active countermeasure tests are typical5 of the evaluations which will be done at this level.

* I1.2.4.3 Component Evaluation

At this level, components of the basic guidance system will be under test. Inasmuch
3 as their behavior when made a part of the guidance system is of primary interest, tests

similar to 1.2.4.2 will be performed. Thus, the simulation characteristics described
there apply.

1.3 HISTORY

Work under this contract commenced on 31 December 1970 and was completed (with
the exception of this report) on 28 May 1971. This report was completed on 30 June
1971 In draft form, for submission to MICOM within thirty days thereafter (per Item

* 3 A003 of DD1423).

The first milestone was the finalization of the design concept contained in General
Electric's IRSS Proposal N-71957 of 28 September 1970, including subsequentIamplifications submitted to MICOM on 23 November 1970. This effort was completed
and presented to MICOM at the first technical and administrative contract review
meeting held at Redstone Arsenal on 18 January 1971. Approval of this finalized
conceptual design, including the modifications made at the referenced review meeting,
was issued by MICOM on 2 February 1971.

The next major milestone was the translation of the appropriate requirements of TR-
1276 and the design goals also provided by MICOM on. 2 February 1971 into a firm,

I [two-level technical specification (No. A-4110) for a Guidance Unit Mount, which will
= Irepresent by far the largest material subcontract under IRSS. Procurement documents

based on this specification were sent to four vendors on 5 March 1971 and returned by
two on 29 March 1971 as described in much more detail in Section 5.1 of this Final
Report. After subsequent fact-finding, a Source Selection Board met formally on 21
May 1971 and recommended that award of this subcontract in Phase I be made to

1 Fecker Systems Division of Owens-Illinois Corporation.

On 6 April 1971, a mid-term contract review meeting was held at MICOM, and on 7
April 1971, a presentation of IRSS status, capabilities, and potential given to MICOM
management personnel.

Another important area of concern not only to the proper design of the IRSS as such,
but to its functioning as a viable part of the ACDF, was the definition of its interface
with the llybrid Computing Facility at MICOM. In addition to the design effort reported
herein, two interface meetings were held at MICOM, attended also by personnel of
B&K Dynamics, Inc., who is the contractor responsible for developing operational plans
in this area (10 March and 7 April 1971).

5



Efforts to arrive at Phase 11 (fabrication and installation) implementation costs and
schedules commenced on 26 April 1971 and were completed on 21 May 1971.

1.4 DESIGN PHILOSOPHY

The IRSS was conceived, and will be implemented, in keeping with a firmly established
design philosophy, since experience has shown time and again that the ultimate utility I
of a system can be maximized only if this is done at the start and maintained unswerv-
ingly throughout the preliminary and final design periods. The principal elements of I
General Electric's approach to IRSS are stated below in relation to specific objectives
they are intended to achieve:

TABLE 1-1. IRSS DESIGN OBJECTIVES AND REALIZATION

Objectives Philosophy Elements 3

Accuracy Mechanical Stiffness

Electro-magnetic Interference Control I

Reliability Off-shelf/commercial Components V
Proven Design Techniques 3
Redundancy

Maintainability Continuous Cooling Gas Flow
Ease of Alignment
Commonality of Components

Flexibility Compound Projection
Modular Design

Growth Capability Reflective Optics
Data Management Approach
MICOM Guidelines Considered

Safety Personnel
Equipment

The implementation of this approach, and the achievement of these objectives, are
discussed in detail in the remainder of this report.

6
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2.0 REQUIREMENTS

2.1 INTRODUCTION

I MICOM, in TR-1276 dated 30 January 1970 (revised 28 August 1970), laid down the
basic requirements which the IRSS had to meet. These are given below.

I In addition, in order to provide guidelines which GE-RESD could apply to the Army's
* advantage whenever possible, a set of supplementary specifications was transmitted

.3 by MICOM to GE on 2 February 1971. These were most helpful to GE in preparing
subsequent specifications, especiallythatfor the Guidance Unit Mount (see Section
5.1), and were incorporated in the Phase I (design) effort to the largest extent
practicable. They are reproduced in this report as Table 5-2.

2.2 TARGET GENERATION SYSTEM

IJ The Target Generation System consists of an assembly of equipment and components,
not necessarily a self-contained unit, which provides for generation of simulated air-
craft targets, backgrounds, and countermeasures. The purpose of this assembly
is to present to the guidance unit under test suitable radiation sources to simulate the
physical, radiometric, and dynamic characteristics of targets, backgrounds, and
countermeasures. These characteristics must be designed so as to be manually or
automatically controlled. Manual control will be effected with instrumentation co-
located with the IRSS. Automatic, programmed control will be accomplished with theI computers in the Computer Laboratory. Position readout signals with accuracies
commensurate with requirements of Table 2-1 will he provided for azimuth,
elevation, and range. Rate readout signals for azimuth and elevation with 1%
linearity will also be provided.

2.2.1. TARGETS

UA source array suitable for simulation of a wide variety of tactical aircraft will be
provided. Target size, shape, radiant intensity, and relative motion must be simu-3 lated. The sources must be configured to simulate the radiation signature of aircraft
in all of the following spectral bands: UV (.3 - .4 microns), visible (.4 - .7 microns),

. near IR (1 - 3 microns), Mild-IR (3 - 5 microns). Table 2-2 gives the aircraft
* characteristics which are to be simulated. Multiple, independent infrared targets are

required for purposes of simulating multi-aircraft formations or multi-engine air-
craft. Simultaneous presentation of single targets in any two bands (e.g., UV - mid-IR1 or near-IR - Mid-lR or UV - VIS, etc.) will be required for testing multi-band guidance
concepts. Multiple interchangeable source assemblies may be provided to cover the
full range of targets. The characteristics of the targets must be continuously variable

'4 and programmable over the range of values shown in Table 2-2 to permit proper simu-
lation as a function of range and aspect angle. Target motion, which also must be
variable and programmable, will be provided to simulate target/missile relative motion
during an engagement. Table 2-1 gives the requirements for target motion.

7
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TABLE 2-1. TARGET MOTION REQUIREMENTS (
1. Azimuth

Total Angle - *90 degrees

- Angular Rate - 0 to 100 deg/sec

*: Angular Accel. - 0 - 400 deg/sec2  I
2. Elevation 3

Total Angle - *30 degrees

Angular Rate - 0 to 100 deg/sec .
Angular Accel. - 0 to 400 deg/see 2

3. Ran

(Simulated by variation in target size)
Maxim=nlaunch range(*) -5000 meters

Minimum range(**) - 50 meters

Maximum closure rate - 1500 meters/sec

4. Position Accuracy

*I mllliradian in azimuth and elevation (target center)

*5% of range for ranges up to 1500 meters [
5. Repeatability [

*0.5 milllradian in azimuth and elevation

*1% of range for ranges up to 1500 meters

(*)Actual variation of target size should be commensurate with the resolution
of the guidance unit. C

(**)This is the range at which the problem will be considered terminated for
purposes of target growth simulation, Extrapolation to true range at
intercept will be made analytically.

- 9%7
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2.2.2 BACKGROUNDS (
For the system level simulation, it is desired that background simulations be pro- &
vided. This simulation should present to the guidance unit under test a source array
which reproduces in all essential features the radiart inteusity distribution of typical
backgroun features such as clear sky, scattered small clouds, partial overcast, I
ele. These features can be included in a single presentation. Both infrared and
ultraviolet backgrounds are required and must be simultaneously presentable.
Multiple hardware is acceptable for this purpose.

2.2.3 COUNTERMEASURES I
It is desired that the system be capable of simulating various types of infrared and
optical countermeasures such as flares and jammers. At this time, however, only
flare characteristics are defined well enough to be specified. Table 2-3 gives the I
tare characteristics to be simulated. Sufficient flexibility must be provided to
introduce jammer simulations or actual jammer hardware at some time in the future.

2.3 GUIDANCE UNIT MOUNT

This element will be a dynamic mount providing three axes of motion (pitch, yaw, and
roll) on which the guidance unit under test will be mounted. The dynamic motion re-
quirements of the mount are given in Table 5-1. Certain types of guidance units re-
quire continuous roll motion at rates up to 20 revolutions per second. This motion may
be provided by either the main mount or by an additional, removable fixture. This roll
motion is required for guidance units up to five (5) inches In diameter. If a removable
fixture is provided, the mount must meet the dynamic motion requirement with the

TABLE 2-3. SIMULATED FLARE CHARACTERISTICS C
1. Size - 0; 1 - 1 meter, variable (
2. Shape - Circular

3. Radiant Intensity - up to 10 times any target, with spectral C
distribution approximating 2000"K
blackbody. -

4, Separation Velocity - up to 30 meters per second.

5. Separation Direction - any direction with respect to target. f
6. Ejection Rate - up to one per second for 15 seconds.

NOTE: All dimensional quantities are given relative to zero range, i.e., at the .
target. .

10
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additional weight of the fixture included in the load. Power input (including possible
use of thermoelectric cooler, see Table 2-4) and signal take-off apparatus required to
operate, control, and monitor the guidance unit under test will be provided at the

mount. This apparatus will consist of a multi-channel terminal for interconnecting
to the control console and such cabling and connectors (may be slip rings) as are
required to connect this terminal to the mount and the guidance unit without inter-
fering with proper operation of the mount. The motion of the mount will simulate

J missile motion during flight and must be controllable by the computers through the
control console. The IRSS will be used for evaluation of a wide variety of guidance
systems at all levels of development from breadboard to production. Table 2-4 gives
the general characteristics of guidance systems with which the ISS will be used.
The design of the system must be such as to accommodate any unit having character-
istics within the limits given. This may be accomplished, if desired, by providing

f Interchangeable hardware. The continuous roll gimbal design must provide the
capability for transferring cryogenic coolant from an external supply to the test item
mounted on the roll gimbal. Operating conditions are given in Table 2-4. Position

5 readout signals with accuracies commensurate with requirements of Table 5-1 will be
provided. Rate readout signals with 1% linearity will also be provided.

2.4 CONTROL CONSOLE AND COMPUTER INTERFACE

A multi-functional control and operational console will be provided in the IRSS room.
The purpose of this console is to provide autonomous operation, control, and monitor-

ing of the IRSS and guidance units under test during subsystem and component evalua-
tions and to provide an interface connection to the Computer Laboratory, via the

13 EO/r Control Room during system simulations. The console will provide a capability
for: (I) manual or programmed control of the lRSS; (2) monitoring and recording of
signals from the IRSS; (3) interfacing the IRSS with the £O/MI Control Room; and
(4) inter-communication with the EO/lR Control Room. The programmable control
functions are not to be such as would require general purpose computer equipment
as part of the console. All general purpose computer (analog or digital) facilities will
be external to the physical simulation systems.

1
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TABLE 2-4. GUIDANCE SYSTEM CHARACTERISTICS

19 Physical Characteristics:

a. Length - up to 25 inches

b. Diameter - 2.75 inches to 10 inches 1
c. Weight - up to 25 lbs.

2. Optical Characteristics:

a. Type Optics - relative, refractive, or
catadioptric 5

b. Entrance Aperture - up to 5 inches

c. Spectral Coverage - selected intervals in the overall 3
range of. 3 to 15 micro meters.

d. Field-of-View - up to 6 degrees 3
e. Gimbal Angle - up to *,0 degrees

f. Resolution - up to 1. 0 milliradian

3. Dynamic Characteristics:

a. Tracking rate - up to 30 deg/sec in any plane (J
b. Slew Rate (when caged) - up to 30 deg/sec

c. Roll Motion - up to 20 revolutions/sec continuous
(for missiles up to 5 inches in
diameter.)

4. Mechanical:

Detector Cooling

Cryogenic - open or closed cycle - working
pressures up to 6000 lbs per
square inch - laminar flow rates a
up to 20 liters per minute-operating
temperatures do to 77 degrees
Kelvin. l

Thermoelectric - operating temperature down to 195"K
requiring currents of up to 20 ampsn..
at voltages 0. 1 - 5 volts.

NOTE: Provision of cooling equipment is not a requirement of this TR, however,
allowance must be made for the presence of tubing, cables, etc., required
by any such equipment.

12 I C



,E% 3.0 TECHNICAL APPROACH

3.1 SYSTEM CONCEPT

5 3.1.1 GENERAL

I Functionally, the Infrared Simulation System is divisible into four major entities:
5 The guidance unit mount, the target generation system, the computer interface, and

the control console. The general relations among them are illustrated in Figure 3-1.
These four entitles are functional groups, not necessarily discrete pieces of hard-
ware. At the option of the designer, they may be integrated into a lesser number of
physical assemblies or further subdivided into a greater number.

I The first fundamental decision facing the designer was whether to move toward in-
tegration or dispersal of function. For example, an integrated system in which the
guidance unit mount and target generation system are hung together on a simple
multi-axis gimbal system has an attractive advantage in alignment stability, but it
has disadvantages also. Once built, it will be difficult to expand. It will probably be
heavy and expensive to build, and the more functions are incorporated in the assembly
the less likely is the use of off-the-shelf hardware. On the other hand, resolving the
system into further subassemblies means a greater possibility of using off-the-shelf
equipment, generally a smaller and lighter system, and greater flexibility and room
for expansion. On the negative side, dispersal of function introduces a major inter-
face problem and the need for more frequent alignment. In summary, then, if the
interface and alignment problem can be solved satisfactorily and if flexibility, growth
potential, and maximum use of shelf hardware are important values, dispersal is
usually the better way to go.

On the basis of these general considerations and our experience with other physical
mission simulators of the same general type, we have opted for dispersal. Specifi-a cally, we have elected: (1) to keep the guidance unit mount physically separate from
the target generation system, (2) to further divide the target generation system into
target projection and display subsystems, configuring the display to serve as an
alignment-insensitive interface between target projection subsystem and guidance
unit mount, and (3) to package the computer interface and control console as a single
unit for convenience. This general approch is illustrated in Figure 3-2 for an open-3loop configuration.

It is convenient to resolve the target generation system into two distinct subsystems:
SThe display subsystem and the target projection subsystem. The target projection

subsystem generates the target group, supplies the necessary radiance, and controls
size, aspect, and local motion in the field. The display subsystem mixes the images,
generates the major motion of the field, holds the window before the sensor, and fills
the pupil of the sensor uniformly with radiation from each element of the target.

£ /13



11 I TARGET I
I MISSILE h1ENSOR_ WL GEEATO

~TITESYSTGF

IUNIT
I I ~INTERFACE .

TO COMPUTER3
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3.1.2 OPERATIONAL

At launch, the missile guidance unit will be locked onto the target. The target will be
in the sensor field of view and presumably will signal that fact to the gunner through

* some acquisition signal such as a light or an audible tone. Before launch and before
uncaging, it is the gunner's responsibility to maintain the target in the field. After
uncaging. he needs only to keep the missile body within 50 degrees of the target and
the sensor, moving in its own gimbal, will follow the target. After release, the
sensor will track the target and will command the missile to follow according to
whatever guidance rule is being employed.

The functions of the target generation system are: (1) to maintain before the sensor
a window into target space at all times the sensor is tracking; (2) to generate a spa-

- Itially and spectrally complex target system whose geometry and radiation character-
Istics appear to the sensor substantially as they would in the real world, to full scale,
and in real time; (3) to display to the sensor the generated target system in its true
inertial position in real time, and (4) to cause the radiation from each target or target
element to fill the sensor aperture fully and uniformly as long as the sensor is tracking.

The principle of operation of the IRSS can be understood by reference to Figure 3-3.
i An assembly of eight independent projectors (one being a dual-purpose one) (1)

focussed at infinity projects as many as seven scene elements plus two spectral back-
grounds into the spherical collimator, (2), which forms a composite, inregister

rI' image of the complex scene on a special dimpled spherical mirror (3). The dimpling
expands the solid angle of radiation from each projector to ensure filling the sensor
aperture from each scene element. The spherical collimator then forms a virtual
image at infinity of this composite scene. The sensor (4) in the guidance unit mount
(5) observes this scene through the window held before it by the display arm (6) and

* 3mirror (7) whose servos track the sensor in azimuth and elevation. The target pro-
jection subsystem is mounted on a single-axis pedestal, (8), which controls apparent
scene rotation. Fine positioning of the targets within the display window is done by
small gimballed mirrors in the projection assembly.

The merit of this design concept derives chiefly from four key design decisions:

(a) to separate physically the guidance unit mount from the target projection
subsystem, coupling the two optically through an afocal display subsystem3 inherently insensitive to alignment crrors;

(b) to employ the principle of compound projection whereby imagery from eight
- Independent modular projectors is compounded in the display, a special

dimpled mirror operating to fill the sensor aperture from each projector.
This scheme allows simultaneous projection of up to seven target elements
and two structured backgrounds each displayed in either the 0. 3 to 0. 7 or
the 1 to 5 micron range, at the user's option,

1 15
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Figure 3-3. Infrared Simulation System Functional Elements (
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I
(c) to provide only a 7-degree display window, slaved to the sensor within the

missile. This minimizes the size, weight, and cost of the display optics
, and control apparatus; and

- (d) to employ two-stage target positioning, performing coarse positioning
[ (* 1/2 deg.) with the high-inertia display window and fine positioning (d 0. 5

mr) with the low-inertia projector assembly. This approach allows precise
positioning with low-cost hardware.

In our design concept, we have elected to base the target generation system on the
technique of compound projection. This means that (1) the scene is resolved into
spectrally and spatially distinct elements, (2) a separate projector is provided for
each element, (3) these distinct scene elements are superposed, in register, in a
mixing projector which also expands the pupil of each projector to a size adequate
to ensure filling the sensor pupil. The basic principle of compound projection is
illustrated in Figure 3-4, for a refractive system. Essentially, the axes of the
several projectors are all aligned and each is focussed to project its target element
image at infinity. If a collimator is now brought up before the projector array and its
axis made parallel to the projector axes, an in-register composite image is formed
at the focus of the collimator. If next a diffusor or other means of pupil expansion is
placed at this image plane, it can be arranged that a downstream projection lens or
collimator is fully illuminated bv light from each separate image element. That
downstream lens will then be unable to distinguish the compound image so produced
from one that might have been produced by a single projector of (impractically)

target
projection
subsystem display subsystem

secondary

oudprojection lens
Ifocussed ati,450 mirror diffuser

3 Mn projection lens

transparency ield

I condenser

source 2 source 1

Figure 3-4. Working Principle of Compound ProjectorI 17
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greater complexity except for a reduced apparent brightness traceable to pupil ex-
pansion. Figure 3-4 also illustrates how the source for each of the several projectors
can itself be a composite of several sources, thereby allowing the practical synthesis
of complex spectra if desired.

3.2 FUNCTIONAL DESCRIPTION OF MAJOR SUBSYSTEMS I
Each of the four major subsystems are described here as to their function and princi-
ple of operation. Additionally, certain major trade-offs and design decisions that I
have determined their basic form are also discussed. The detailed design of each
subsystem appears in Section 5. . I.
3.2.1 GUIDANCE UNIT MOUNT

It is required to supply a three-axis flight simulator able to support the missile under
test, or any subsystem thereof, and to move it within a specified envelope at specified
rates and accelerations. The guidance unit mount will be used to produce all of the
airframe rotational motions encountered in an actual intercept. Additionally, electri-
cal, high pressure gas, and liquid nitrogen interfaces must be provided for the test
Item.

An examination of Figure 3-5 shows that the missile movement envelope covers nearly
a hemisphere. The target generation system must be mounted in such a way relative
to the guidance unit mount that the rotational axes of both are homocentric.

The only unobstructed access to that center is along the azimuthal axis. Therefore,
this axis must be the base for both systems. Since both ends are open, we have elected
to mount the guidance unit to the floor via the lower azimuthal axis and bring the
target generation system in from above via the upper azimuthal axis. To minimize
both clearance problems and size, the basic configuration of the guidance unit mount
should be an azimuthal yoke carrying a lower-half elevation gimbal which, in turn,
carries a roll gimbal, the whole arranged so that obstructions above the missile body
proper are either non-existent or minimal as shown in Figure 3-6.

It is intended that this subsystem be designed to GE-RESD specifications and procured
as an entity. Section 5-1 discusses this process, and its implementation, in some
detail.

3.2.2 DISPLAY SUBSYSTEM

3. 2. 2. 1 General Approaches to Display

Before discussing the chosen solution of the display problem, it is of value to con-
sider first the general problem and the alternatives available for implementation.

18
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The basic factors to be considered are illustrated and defined in Figure 3-7. In
general there will always be: (1) a large display field within which targets may at
some time be seen, (2) a relatively small sensor field able to observe only a part of
this display field at any instant, (3) a display window through which the sensor can
look into the display field to see the target, (4) a background which must be seen
simultaneously with the target, and (5) the target itself, which can appear anywhere I
in the display field.

Given these several elements, the designer has only one he can control, the display K
window, and only three things he can logically do with it. He can elect to (1) fix the
window to the ground (or the inertial frame), (2) fix the window to the target, or (3)
fix the window to the sensor. These possibilities are illustrated in Figure 3-8. The
first approach requires that the window be as large as the full display field which,
in the present case, is very large indeed. The second requires that the window be
twice the size of the sensor field, if background is to be visible whenever the target
is anywhere in the sensor field. The third elective requires that the window be at
least as large as the sensor field, but in addition it also requires what the other two
approaches do not, namely, that information be provided with respect to the sensor's
orientation within the missile.

3.2.2.2 Selected Approach L
Generally speaking, volume, weight, and cost all vary directly with the size of the
display window. We have, therefore, elected to follow the third option of slaving the
window to the sensor, since it requires the smallest window. This approach is illus-
trated more fully in Figure 3-9, along with a block diagram showing the required
method of control. Note that it is not necessary to track the sensor precisely, but
only to overlap the sensor field with the window. A 7-degree window allows a full
1/2-degree error in tracking without affecting what the sensor sees. Tracking errors g
are not reflected in target position. The accuracy of target positioning is dependent
only on the precision with which the window position can be measured and not on the
window tracking error. The choice of option three, slaving the window to the sensor,
has several important design consequences. First of all, it is not necessary to pro-
vide as large a physical apparatus as might otherwise be necessary and it, therefore,
becomes practical to design something that can fit into the limited space available.
It is only necessary, as a minimum, to hold up before the sensor a lens or mirror
certainly somewhat larger than the 5-inch sensor pupil but still on that scale. A
smaller apparatus also means greater ease in meeting dynamic requirements and a I
lower overall cost.

3. 2.2. 3 Optical Configuration 3
As shown earlier in Figure 3-4, the display subsystem is afocal, consisting essential-
ly of two collimators back to back with a diffusor or other pupil expansion clement
located at the common focal plane. The display subsystem must accept inputs from
multiple projectors focused at infinity at one port, combine these images, and expand
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3Rs/m RElevation

- misside axis background

-30"

azimuth

Rm  = missile axis direction, from guidance unit mount encoders
Rs/m= sensor axis direction relative to missile axis, from sens gimbal pickoffs
Ra = sensor axis direction, inferred from R. = Rm + Rs/m
Rw  = display window direction, as commanded

Rt target direction, from control computer
Rt/w= target direction relative to display window, from Rtiw = Rt - Rw

Rb background center direction, as commanded
Rb/w = background center direction relative to display window, from Rb/w Rb - Rw

Figure 3-7. Basic Factors in Target Display
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the light tube from each projector without degrading the imagery or diminishing the
scene radiance by an unmanageable amount, and then reproject the component image
to infinity through a light tube at least 5 inches in diameter at the sensor.

The first factor to consider is that all the separate projectors pass imagery through
the display. Since these projectors will be working at various spectral intervals ,
from 0. 3 to 5 microns, the display subsystem must be achromatic over this range.
There is really only one practical choice for a system of decent resolution which is
achromatic over such a range: It must be reflective, and both entrance and exit ports
must face collimating mirrors. The logical and natural form for such a reflective
system is the two-mirror concentric relay shown in Figure 3-10. Only the general f"
form is shown; folding, mounting, and articulation will be discussed later.

The main mirror serves as both input and output collimator. The secondary expands
the light tube - or enlarges the exit pupil - corresponding to each of the input projectors.
How this pupil expansion is to be performed Is an important consideration. The
secondary could be an ordinary diffuser of some kind. It could, for example, be a
convex spherical surface of ground glass, etched to round the irregularities and
thereby limit the angular width of the diffusion lobe, then aluminized. This would be
a simple, cheap, and highly effective approach. It has one drawback, however,
which further study may show to be serious: The illumination across the lobe will
exhibit a Gaussian profile and consequently the illumination over the newly enlarged
pupil will not be uniform. The sensor under test will therefore be subjected to

bet y

III PVPIV
Figure 3-10. General Form of Display OpticsL
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something less than a realistic situation. Since vignetting of the aperture is for-
bidden for this very reason, and since non-uniform illumination is tantamount to
vignetting, this approach is unacceptable.

Pupil expansion accompanied by highly uniform illumination over the pupil can be
produced by dimpling instead of grinding the mirror. The dimples required will be
very small (less than 1 mm), shallow, concave depressions covering the surface of3 the mirror in a regular array. They are easily produced in a metal mirror by
striking the surface with a special dimpling tool. The action of the dimpling in ex-
panding the pupil can be understood by reference to Figure 3-11. If the dimples are

3 significantly smaller than the blur circle at the secondary, they have the effect of
dissecting the blur circle and producing at the primary overlapping point projections
of those dimples covered by the blur circle. The apparent size of the blur is un-

* changed but the new exit pupil is a much enlarged projection of a dimple, sharp in
outline and uniformly illuminated. Even if the blur circle spans only two dimples,
a significant evening-out of illumination is produced.

0 3. 2. 2.4 Mechanical Configuration

Having chosen to configure the display subsystem after the general scheme of Figure
3-10, the final step is the choice of technique for moving the display window over the
180 degree by 60 degree display field. The basic question is whether the principal
optical elements themselves are to be movable or whether they are to be fixed and
only their images moved through some system of articulation. Three possibilities
are shown in Figure 3-12. In the first option, a large fixed primary is used in com-
bination with a movable secondary. In the second, both primary and secondary are
movable. In the third, both primary and secondary are fixed, window movement
being provided by an articulated display arm. Although the third option requires the

Uaddition of three more optical elements into the system (I. e., flat relay mirrors),
lthere are several other factors overwhelmingly in its favor. Option 1 requires an

extremely large primary, 186 0 x 66 *, which would be prohibitively expensive.
3 !Option 2 would require a perhaps even more expensive 2-axis gimbal to move the

heavy primary mirror. Clearly, option three must be the choice since it requires
motion of only three relatively small mirrors and the primary is the minimum
possible size.

3.2.3 TARGET PROJECTION SUBSYSTEM

I Our system concept is based on the principle of compound projection, in which a
spatially and spectrally complex target is resolved into simple elements, each of
which is projected independently by one unit in a multiple-projector array.

The target projection subsystem (as shown in Figure 3-13) consists of (1) a single
axis table, on which is mounted (2) the assembly core containing (:J) the severd
element projectors and (4) the directional control assembly.
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I
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I

-U " Figure 3-12. Display Mounting Options

3 ----- 27



!I

(3) SINGLE

(4) DIRECTIONAL CONTROL ELEMENT
ASSEMBLY PROJECTOR

(2) ASSEMBLY
VIEW A-A CORE

(C

"*(1) SINGLE AXIS
TABLE

D P. Target Projection Subsystem

28



I

The projector azimuth table is used to remove display field rotation introduced by
hazimuth rotation of the display arm while the directional control assembly provides

precise target position control (Rt/w) within the display window.

Two general types of element projector are required. The first, shown in Figure
3-14, is suitable for projecting a pure background or a single target element that
must be produced at maximum intensity. The second, shown in Figure 3-15, is
designed to project a target and a background simultaneously with various degrees of
contrast. Since the (fuselage)/(U. V. - Visible background) contrast ratio must be
less than one, this type of projector is essential to fuselage projection.

I Each projector will operate over one spectral range, either 1 to 5 or 0. 3 to 0. 7
microns, and with the exception of the fuselage one will produce only one scene
element. Examination of Figure 3-16 shows that seven projectors will suffice to
project the most complex target group required and still provide some reserve capac-
ity. However, symmetry considerations make it easy to add an additional projector3 to bring the total to eight and further increase the capacity. Such capacity is espe-
cially needed for countermeasures simulation. With high flare ejection rates, two or
three flares may be in the field at once. Super-radiant flares may be simulated by3 superposing images from two or more flare projectors,

These eight projectors are of modular design and, insofar as possible, will use
Identical components. The objective is to provide the greatest possible operational
flexibility by permitting changes in spectral range to be accomplished merely by
substitution of optics, and changes in projected target shape by an equally simple
change of transparency mechanism.

3.2.4 CONTROL CONSOLE AND COMPUTER INTERFACE SUBSYSTEM

The control console and computer interface subsystem provides all of the electronic
equipment necessary for both open-and closed-loop operation. In the closed-loop
mode, both analog and digital interfaces will be provided for linking the IRSS to the
MICOM Hybrid Computers where all command generation and data recording takes
place. In the open-loop configuration, command generation and data recording will
take place in the control console. The principal components of this subsystem arc:

(a) Control Electronics, which include all of the servo and control loop electronic
equipment necessary for operation of the 8-channel projector and display arm.

(b) Command and Data Management, which includes the analog and digital equip-
ment necessary for interfacing of command and performance data with the
remote MICOM hybrid computer facility and the various IRSS subsystems,
and provides the means to conduct open loop testing by generation of precision

* function programs. The focal point of this section is a GE-PAC 30 process
controller which enables wide flexibility in system usage through the various
software routines planned for the IRSS.
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Figure 3-16. Target Group Requirements
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(c) Operator Controls. and Displays, which provide the means to operate and
Smonitor the IRSS. The operator console will include the following:

1. System Power Control and Lock

3 2. Display Arm Controls

3. Projector Controls

4. Guidance Unit Mount Control Panel

5. Emergency Shutdown

6. Operational Mode Selection

7. Manual (locking 10-turn potentiometer) input to each control loop

1 8. External (patching) input to each control loop

9. System Status Display

I 10. Data Monitor Jack Panel

11. System Test Equipment including:

I Dual Beam Storage Oscilloscope

Function Generator

IDigital Voltmeter

3 12. Teletype & Tape Reader/Punch Console (Terminet)

(d) Analog Computation Equipment includes an EAI 680 Analog Computer (GFE)
which will be required to do coordinate transformations on a real-time basis.

I

S I
I
i
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4.0 SYSTEM PERFORMANCE CONSIDERATIONS

4.1 INTRODUCTION

3 To carry the IRSS (or any other system of similar complexity) to a successful con-
clusion requires that attention be given during the design phase not only to specific
hardware performance requirements (stated in Section 2 and realized in Section 5),
but to those "software" efforts which comprise good systems engineering. These
include error analyses and establishment of error budgets (a naturally iterative
process); cost-effectiveness and risk assessments at component, subsystem, and
system impact levels; and such design variables as maintainability, electromagnetic
compatibility, and reliability.

I While this report devotes separate Sections to the first two of these last three cri-
teria (5.5.7 and 5.5.8, respectively), reliability is not treated in the same manner
but covered throughout the design reported herein. The reason for this treatment
is our awareness of its many facets, and how to achieve them: component deratng,
component life, vendor control, use of selected parts, redundancy, choice of materials,

* use of government-approved manufacturing techniques, and application of precision
bearing technology.

4.2 ERROR BUDGETS

4.2.1 SUMMARY

The areas of interest are:

(1) target position accuracy

(2) optical resolution

)(3) image brightness

(4) range accuracy

These budgets are presented here rather than at the end of Section 5 so that the
- significance of each source can be noted and kept in mind as the details of component

performance are discussed in that Section.

4.2.2 TARGET POSITION ACCURACY

jTarget position error budgets for both elevation and azimuth are included as Tables
4-1 and 4-2. Both totals are well below the required 1 mrad limit and represent
realistic and obtainable values.

S
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TABLE 4-1. TARGET AZIMUTH ERROR ANALYSIS

Systematic Errors at Maximum Acceleration

Display Arm: E (mrad)

Torsional Deflection -.1

Drive Belt Deflection .03 3.
Directional Mirrors:

Dynamic Lag Error .45

Total Systematic Error .38 mrad 3
Random Errors

Alignment Errors: E (mrad) E2  3
GUM .1 .01

Projector .1 .01

Display Arm d1 .01

Display Arm:

Encoder Output .1 .01 I
Vertical Guide Rails .06 .0036 ,

Bearing Runout .025 .0006 U
Projector Az. Table:

Encoder Output .05 .0025

Dynamic Lag Error .1 .01 3
Directional Mirrors:

Computational Error .2 .04

Position Transducer (RVDT) .25 .0625 3
Total = .1592

Therefore, E r .40 mrad
rssII

Total Error .78 mrad. j
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TABLE 4-2. TARGET ELEVATION ERROR ANALYSIS

Systematic Error at Maximum Acceleration

3 Display Arm: E (mrad)

Bending .01

I Directional Mirror:

Dynamic Lag Error .30

Total Systematic Error f .31 mrad

3Random Errors

I Alignment Errors: E (mrad) E2

3 GUM .1 .01

Projector .1 .01

Display Arm .1 .01

Display Arm:

SEncoder Output .05 .0025

Vertical Guide Rails .06 .0036

I Bearing Runout .025 .0006

3 Projector Az. Table:

Encoder Output .05 .0025

Dynamic Lag Error .1 .01

Directional Mirrors:

Computational Error .2 .04

3 Position Transducer (RVDT) .25 .0625

Total= .1512

I Therefore, E = .39

All) Total Error = .70 mrad

3
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4.2.3 OPTICAL RESOLUTION *

Angular blur of a point source object is due to the three sources shown in Table 4-3,
and is well below the 1 mrad. limit.

TABLE 4-3. OPTICAL RESOLUTION I
B (mrad)

Display subsystem:

Collimating Optics .3I

Display subsystem: 3
Mirrors - Manufacturing
Tolerances .09 3
Projection Lens .3

Total System Angular Blur .69 mrad I
4.2.4 IMAGE BRIGHTNESS

Image brightness depends primarily on system opacity and available source radiance.
System opacity for the various types of projectors is tabulated in Table 4-4 andapplied in Table 4-5 to determine available image radiance. The derivation of these
values is discussed in Section 5.

4.2.5 RANGE ACCURACY I
Range simulation is accomplished by varying target size and radiance using a servo
controlled transparency and iris. The required simulation accuracy of 5% of corn-manded range is obtained by using precision mechanical and servo hardware and is
described in detail in Sections 5.3.3.2 and 5.3.3.3.

4.3 SYSTEM ALIGNMENT I

The principal concern in system design and assembly is that errors in apparent
target position traceable to misalignment of system elements be much less than 1

milliradian through intelligent design and by proper alignment and adjustment
procedures. IRSS follows a concept which is very insensitive to such sources of
error and extremely simple to align.

There are two aspects of the alignment problem : the optical and the mechanical. 3
We consider the optical first. The most important fact having a bearing on this
problem is that the display optics are afocal; that is, the light both leaving and
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-4 entering is collimated. In consequence it can be shown that the operation of the display
3 ,optics is completely unaffeeted by minor linear or angular misalignments of the optics
Uor by minor linear misalignments of the display arm or the projector assembly.

Furthermore, the behavior of the display optics is relatively insensitive even to
rather large relative displacements of the two mirrors themselves. This rather

Sgeneral insensitivity to misalignment is illustrated in the examples of Figure 4-1.

The decision to base system design on afocal compound projection enormously sim-*1 plifies assembly and alignment. Mechanically, only three system elements need to
be aligned: the guidance unit mount, the display arm, and the projector assembly.
Since only angular misalignments can cause apparent shifts in target position, it is
necessary to perform only angular alignment of these three elements. The most
obvious and practical way to do this is to fix all three elements to a common base
and then align all three to the common vertical with ordinary levels.

The general layout of the proposed system is shown in Figure 1-1. The steps in
this alignment procedure and the ipiplications for system design may be summarized
as follows:

(1) First the guidance unit mount will be fixed to the base and its azimuth
axis aligned to the vertical with 20 second levels, using adjustment screws

(2) Next, the structural mainframe will be erected on the same base, around
the Guidance Unit Mount. The mainframe must have two holes:
one for the projector assembly to look through and one through which the
display arm will be dropped. The only real requirement on the main-
frame is that it be very stiff, so that under the inertial loads applied by
the moving display arm, angular deflections in the display arm mount
will be well below 0.1 milliradian. The mainframe design is discussed
in Section 5.4.

(3) Third, the display arm assembly is mounted through the hole mentioned
earlier, so that the display azimuthal axis is approximately coaxial with
the azimuthal axis of the guidance unit mount, then leveled with 20-second
bubble levels. It is not necessary that the display and guidance mount3 azimuthal axes be collinear, only that they be parallel, since lateral
misalignments do not affect the operation of the display in any way, pro-
vided the display window is significantly larger than the sensor field, whichSit is by design.
The initial alignment procedure for the display arm and its components is
discussed in Section 5.2.4.4.

(4) Next, the projector assembly is fixed to the same base looking up through
the second hole in the mainframe second level, positioned approximately
according to the plan layout, then leveled to 20-second accuracy witft
bubble levels. Again, it is not necessary that the projector axis be placed

exactly over the centeraf the entrance pupil, since lateral misalignments
of this type have no effect on the angular position of the target.
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(5) Finally, the collimating mirrors and the dimpled mirror are mounted on
the structure so that the optical axis is centered approximately between
the projector axis and display axis, and so that the main collimating
mirrors are approximately at the correct height above the floor. The
dimpled mirror is then adjusted for the proper separation between it and
the collimating mirrors.

Once this is done, each of the transparencies is driven to its minimum
opening and a quad-cell detector with an appropriate lens is mounted in the
Guidance Unit Mount. The latter is then driven to the zero-zero-zero
position. The display arm is driven to the zero-zero position, and the
projector azimuth table is driven to the zero position. Taking each pro-
jector in turn, bias adjustments are made in the directional mirror control
circuit until the quad cell output is nulled. This procedure eliminates
the requirement for precise alignment of the projector components and the
projector housing on its mounting plate, thus greatly simplifying the3 alignment procedure.

In summary, the employment of an afocal display subsystem makes design, assembly,
and alignment of the entire system much simpler than it might otherwise be. No
Immense anvil is needed to maintain collinearity of the missile and display axes.
No precision fabrication is required in the mainframe.
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I
5.0 DESIGN DEFINITION OF IRSS SUBSYSTEMS

5.1 GUIDANCE UNIT MOUNT

I 5.1.1 REQUIREMENTS

The basic characteristics of the guidance systems to be tested on IRSS were specified in
Table 2-4. Table 5-1 contains the specifications for the Guidance Unit Mount laid iown in
MICOM's Technical Requirement No. 1276 (dated 30 January 1970 and revised 28 August 1970).

In order to provide as useful and flexible a system as possible, MICOM further agreed at the
first contract review meeting held there on 18 January 1971, to provide supplementary design
goals for the Guidance Unit Mount. This was done on 2 February 1971 (Table 5-2). These
goals were then incorporated as an alternate performance level to be presented to potential
vendors (see below).

I 5.1.2 SPECIFICATION

The above requirements and design goals were analyzed and supplemented by hardware-oriented
I considerations of reliability, freedom from effects of electro-magnetic interference (both self-

generated and impinging), safety, and Interface requirements with other IRSS subsystems. This
effort resulted in the issuance of GE-RESD Specification No. A4110 on 26 February 1971. (See
Appendix A).

With adequate procurement documents attached, this specification on 5 March 1971 was sent to
four qualified vendors who in the preceding two months had indicated an interest in a response:
Carco Electronics, Fecker Systems Division of Owens-Illinois Corporation, Aeroflex Labora-
tories, and Goerz Optical Company.

5.1.3 RESPONSES

On 29 March 1971, compliant proposals were received from the first two, addressing them-
selves to both the required and the desired performance levels (because the differences in both
cost and implementation complexity between achieving these two performance levels were very
small, It became obvious that procurement of the higher level performance unit only should be
considered). Aeroflex requested numerous relaxations of the specifications before they wouldI• bid (this request was declined by RESD), and Goerz never replied in any form.

Inasmuch as Fecker's compliant response still left a number of questions unanswered to RESD's
satisfaction, a fact-finding visit to their plant was made on 21 April 1971. Main items of con-
cern were EMI testing, earlier completion, safety, and slipring experience and reliability.
These were covered in an additional FSD document, F(l)-4106-004-022-1752, dated 30 April

1971.

0



TABLE 5-1. GUWDANCE UNIT MOUNT SPECIFICATIONS

Load size, typical - Cylinder, 3" dia.. 10" long
Load size. maximum - Cylinder, 10" dia., 25" long
Load weight, typical - 3 - 5 lbs
Load weight, maximum - 25 lbs
Orthogonality of Axes - 0.1 milliradian
Intersection of Axes - within 0. 005 inches
Moments - assume load uniformly distributed with respect to *.

axes of rotation.

Roll*
Specification Pitch Yaw Roll (main mount) (if applicable)

Displacement *80* *90" Continuous Continuous
Velocity 1
@ Max. Load, exceeds 100/sec *100"/sec *1800 0/sec *7200"/sec
Acceleration U
@ Max. Load, exceeds iO00/sec2  1000/sec2 3600"/sec2 7200"/sec2
Position Accuracy 0.2 milliradian 0.25 mil 0.25 mil N/A
Repeatability 0.1 mil 0.1 mil 0.1 mil N/A 0
*This specification for velocity and acceleration applies to the roll axis of the main mount
if no removable fixture is used. cJ>

In addition, Carco offered to supply RESD with an unsolicited proposal for what they
expected to be a lower-cost solution than that originally requested. This was re-
ceived by RESD on 29 April 1971.

5.1.4 EVALUATION

Careful evaluations of both technical and cost parameters of all three of these pro-
posals were made. The technical evaluation of the compliant ones is summarized i
In Appendix B. Briefly, it was discovered that the solution offered by FSD was
sipificantly superior from a performance point of view in two important areas:
use of rotary joints (instead of storage bottles mounted on the inner gimbal) for
continuous transfer of cooling gas to the test article, and higher bandwidth cap-
abilities in all three axes. These helped account for a conservatively approximately
20% higher technical performance rating for FSD's version as compared to Carco's
(379 vs. 323 points).

Financially, on the other hand, FSD's high-performance GUM (only version recom-
mended) was less than 10% higher than Carco's ($257,419 vs. $239,516). Figure L.
5-1 shows a layout of this subsystem.
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ATABLE 5-2. SUPPLEMENTARY SPECIFICATIONS FOR INFRARED
SIMULATION SYSTEM

These specifications on the IRSS are supplementary to the specifications contained
in TR 1276. Since these specifications were not included in the TR at the time of
issuance, they are to be considered as design goals for the contract. The supple-
mentary specifications were arrived at by further consideration of the ultimate
requirements of the IRSS to perform the myriad of tasks for which it is intended.
As such, these specifications represent highly desired characteristics which the
contractor should strive to achieve.

I SPECIFICATIONS

A. Guidance Unit Mount
1. Mode of Operation

The mount should be capable of operating in both position and rate mode
on all axes.

2. Ratio of Maximum to Minimum Rates
Position Mode: No less than 5 x 105 for all axes.
Rate Mode: No less than 1 x 104 for all axes.

3. Roll Rate Accuracy
Accuracy (in rate mode): Better than 5% of requested rate.
Ripple: No greater than L 2%
Read-out Accuracy: Better than 1q (referenced to called-for rate).
Read-out inearity: Better than 11 (referenced to called-for rate).

4. Bandwidth:
Position Mode: Using a 1 degree peak-to-peak sine wave input, with

maximum specified load and measuring bandwidth at the3 frequency at which 90 degree phase lag between output
and input occurs, bandwidths for the three axes shall
be as shown below:

Pitch = 15 Hz
Yaw = 20 Hz
Roll = 25 Hz

Velocity Mode: Using a 20 degree per second peak-to-peak sine wave
input on pitch and yaw axes and 50 degree per second sine
wave input on roll axis, frequency bandwidth measured as
above shall be no less than 25 Hz on all axes.

5. Connections to Payload
The mount shall be capable of accepting a maximum of 15 outputs from the

test item for purposes of recording. Outputs and inputs required for activation orother control purposes are not included in this number.

B. Target Generation System
S1. Target Jitter

Extraneous inputs shall not cause the actual target position to vary more than

I *0.5 mllliradian from the called-for position. This specification shall apply to both
position and rate inputs.
I 47
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I5.1.5 RECOMMENDATION

Since this subcontract procurement exceeds $100, 000, a formal source selection
U board proceeding was instituted by the Materiel Operation in consonance with RESD

policy and applicable ASPR's. The Board met on 25 May 1971 and concurred with
the recommendation for selection and award to FSD. The Minutes of that meeting
are attached as Appendix B.

1I
[
I
I

[

I

11

I-

. . . . .. ... . . ... . iIlr ' '



5.2 DISPLAY SUBSYSTEM DESIGN

6.2.1 CONFIGURATION AND REQUREMENTS

As explained earlier in Section 3.2.2, the display subsystem will have the basic form

shown in Figure 5-2. Scene elements originate in the projector subsystem as individ-
ual collimated sources and are directed into the first spherical primary which serves I
to form an image of each element on the dimpled mirror surface. The dimpled mirror
acts as a controlled diffuser, expanding the output beam to fill the 5' diameter seeker
pupil. The second primary serves as the output collimator, producing a virtual image I
at infinity of the entire 7 degree display field. Articulation of the display window is
then provided by the display arm, producing azimuth motion through rotation of the
entire arm and elevation motion through rotation and vertical translation of the final U
plane mirror in the optical train.

The display subsystem requirements listed below are derived from the basic system
requirements and reflect the need to apportion total errors among the various sub-
systems.

General

Optical Resolution .7 m rad

Exit Pupil diameter 5.0 inches

Display Window diameter 7 degrees (2
Display Arm

Range of motion +90 -Azimuth
+ 30" - Elevation

Maximum velocity 100 /sec
(both axes)

Maximum Acceleration 400 /sec 2

(both axes)

Position Accuracy _ 5"
(both axes)

Position readout accuracy .1 m rad
(both axes)

5.2.2 SIZING

Since the physical size of the display subsystem not only largely determines the over- t
all size of the IRSS but also strongly influences the cost and design problems associated
with each of the subsystems components, it is important that this size be kept to a
minimum. In assessing the impact of several design variables on size, it develops L
that since the sensor pupil diameter and display window field are fixed, only two C l
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parameters have any effect. They are the vertical clearance jetween the guidance

unit mount and display arm (X), and the height of the arm's arlmuth hub (H). These

parameters as well as all of the irportant component dimensions are shown schema-
tically in Figure 5-3. In determining these values, X was required to be 52 inches
because of the guidance unit mount size and H was assumed to be 30 inches, theamount required for hub height, structure, and dimpled mirror mounting. 3
Some explanation should be given here for showing the display exit pupil diameter
(Dp) as a dependent variable since the seeker pupil is fixed at 5 inches. Because
mirror #1 of the display arm must move translationally as display window elevation I
changes, the seeker is not always at a position conjugate to the display entrance
pupil but, in effect, is being moved along the display optical axis as shown in Fig-
ure 5-4. The seeker pupil must be conjugate to the display entrance pupil at the 0'
elevation position; hence, the exit pupil must be large enough to prevent vignetting
at +300 elevation. Additionally. the vertical dimension of the exit pupil must be
increased by some amourt to allow for tracking errors in the vertical translation
mechanism. This error will have no effect on the display window's angular position
since angular motion is p.,ovided by a separate mechanism, but would cause vignetting 3
if not accounted for. As a practical compromise between additional size and servo
complexity, it was decided to increase this dimension by . 5 inches to allow for a
+. 25 inch tracking error.

5.2.3 OPTICAL DESIGN

5.2.3. 1 Blur Caused by Collimating Optics

Before moving to the detailed design of the individual mirrors, with specification of r
the manufacturing tolerances, we must first determine what aberrations are inherent L
in the spherical system. A generalized skew ray trace computer program was used
for these calculations. To determine what calculations are really necessary. we can
refer to Figure 5-5. The primary and secondary mirrors are spherical with a
common center of curvature at point CC. Since the system is completely symmetric
about point CC. we may consider any ray leaving the entrance pupil at some angle
8 0 as being an axial ray (i.e.. parallel to the optical axis) in a system that has

been rotated by e. Thus, all rays are axial rays and aberrations are independent
of field angle.

The display entrance pupil, as explained in 5.2.1, is 6.44 inches in diameter and
ceitered 18.83 inches above the optical axis. A meridional ray trace (i.e., a trace r"
of rays lying in the Y-Z plane of Figure 5-5) of a system having a 250 inch radius L
primary and a 125 inch radius secondary yielded a meridional blur of 1. 4 mrad. as
shown in Figure 5-6. If we look at only those rays of interest (i. e. . those rays r
passing through the entrance pupil), we canconsiderthe output beam as having a I.
0. 89 mrad blur with a 0. 95 mrad offset. This offset is equivalent to a position
error and can be removed by adjusting mirror 4 or 5. The blur, however, is
clearly too large and must be reduced. It was discovered that by increasing the
secondary's radius of curvature while maintaining concentricity, this could be C_
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RP - Primary mirror rad. IIR R 9

Ds m - secondary mirror dia. MIRROR NO. 3

%9 a Secondary mirror rad (ELLIPSE)
PS au(6.65 IN. X 24.15 IN.)

IDH - clear hub da. X (52 IN.)

5 a hub height

X -guidance unit mount /25 clearance height
Y - display arm offset
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-- L a mirror length MIRROR NO. 1
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D4  folding mirror dia.

D -D folding mirror dia. (17.25 IN.)

Figure 5-3. Display Subsystem
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achieved. Figure 5-7, output ray angular errors (a) are plotted against ray height
for various se ndary mirror radii. It would appear that a radius of 126.1 inches,
with a .095 mr a 1ur (6) and 1.75 mrad offset, is the optimum solution. This, how-
ever. is not quite t if we look at transverse blur in the X direction. We must,
therefore, consider ra originating on the perimeter of the entrance pupil. This is
done most simply by rota g the meridional plane by an angle Y until the point ofI interest lies in that plane at ome height (h) above the optical axis. The output
angular error (a) calculated pr viously can now be broken into is X and Z components
as shown in Figure 5-8. Obviousl\ct x will be a minimum when a is smallest, but
not (as it turns out) when 6 is a minimum. The ideal solution, therefore, is to find
a value for Rs where the vertical diameter (6) and the horizontal diameter (2 ax maxi

are equal.

For a given Rs, at will be at a maximum when Y is a maximum. This will occur
when the meridional plane is tangent to the entrance pupil circumference as shown
in Figure 5-8.

6 is plotted against 2ox max (diameter of the transverse blur) in Figure 5-9 for vari-
ous values of Rs. Clearly, a secondary mirror radius of 125. 7 inches will be the best
solution, yielding the. 3 mrad diameter blur circle shown in Figure 5-10. As stated
earlier, the offset of. 755 mrad is constant and can be removed by adjusting mirror
4 or 5.

ft 5.2.3.2 Mirror Design

There are eight mirrors in the display subsystem, as shown in Figure 5-3. Five of
the mirrors (i. e., numbers 1 through 5) are plane surfaces and are used for foldingIQ
the optical path. Mirrors 6 (two required) and 7 are spherical elements. Image blur
caused by the manufacturing tolerances of such elements can be reduced to almost
zero if one is willing to pay the cost. It is our desire to arrive at a compromise be-
tween cost and performance to assure the most cost-effective system. There exists
a degree of surface accuracy below which no significant cost advantage is gained
because it is obtained with normal optical shop practice. After lengthy discussion
with several vendors, this break point was identified and is reflected in the following
specifications.

All mirrors will have a reflective aluminum coating with a protective overcoating of
silicon monoxide. Aluminum was chosen because of its high reflectivity in the . 3 to
5 micron region and its high durability. Each mirror will be supported by a 3-point
kinematic mount which permits angular alignment and allows for differential thermal
expansion between mount and mirror. Included in Appendix C is GE Drawing No.I47RI96990 which shows one of the mounting points with its adjustment screw and
safety latch.

3Since mirrors 1, 2, aiW 3 are mounted on the display arm, it is desirable to mini-
mize their weight and hence their effect on arm load inertia. For high quality fiat
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glass mirrors, the thickness is usually given as 1/6 the longest dimension. This,
however, would yield extremely heavy mirrors. By using light-weight glass fabrications,
weight can be removed while maintaining performance, but at increased cost. To keep
the cost increase to a minimum, we will use the rather simple technique of coring out
slugs of glass from the back face, thus increasing effective stiffness while decreasing
weight. Also, on all mirrors, the surface flatness tolerances have been specified in
such a way as to minimize cost and weight while meeting system requirements. Thus
mirrors 4, 5, and 6 can have length-to-thickness ratios of 10.

Table 5-3 shows the performance specifications for all display subsystem mirrors.
The effect on image blur of slope errors caused by residual sphericity and surface
irregularity is treated in Section 5.2.3.3. The referenced GE drawings are included
in Appendix C.

TABLE 5-3. DISPLAY SUBSYSTEM MIRROR SPECIFICATIONS

Weight of Weight of Residual RMS Slope GE

Mirror Conventional Light-Weight Sphericity Error Caused Drawing
Fabrication Fabrication by Surface NumberNo. Irregularity

(Ibs) (Ibs) (X 5 u) (radians)

1 22 9 1.5 k 2 x 10- 6  47D178914

2 60 20 1.5 X 2 x 10 -6 47DI78910

3 84 35 1.0 % 2x 10 - 6 47D178912

4 170 NA .5 k 2 x 10 - 6 47D178946

5 280 NA .5 k 2 x 10 - 6  47D178947

6 420 NA NA 2 x 10- 6  47D178918

7 31 NA NA 3 x 10- 6  47D178948

5.2.3.3 Blur Caused by Manufacturing Tolerances

The total blur 0,, ) caused by manufacturing tolerances of the display subsystem
mirrors is given by

5 6 y/2
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where

Y a = angular blur due to sphericity of the mirror

Y RMS = root mean square value of angular blur caused by random
I irregularity of the surface

The angular deviation of the output ray due to sphericity is given by

y =86
S r

" where 6 and r are defined in Figure 5-11. Also shown in this figure is the computa-
tion of 'Ys, for each mirror and the summation of these values. An admittedly con-
servative approach was taken here in assuming that all of the errors have the same
algebraic sign. In actual practice, this should not be true and the total error should
be something less than that shown.

U The contribution caused by surface irregularity will be extremely small. The RMS
slope error is 2 x 10-6 radians, and the output ray deviation will be twice this. Thus,

L 2 =[ 6M Lx 6 x02 9.8x10 radians

i = 1

The total angular blur due to manufacturing tolerance is then calculated to be:

OM = 7.6 x10-5 + .98 x10 radians

O 8M = 8.6 x 10-5 radians

0 5.2.3.4 Dimpled Mirror Design

The dimpled mirror design is rather straightforward in that only two parameters
U need be calculated (t. e.. dimple diameter - d, and dimple radius - r).

d must be 1/4 to 1/3 of the optical resolution, which is given by

8 = 1/4 FS

3 where F is the primary mirror focal length and 8 is the permissible angular blur.
F is 125 in. and 8 is I x 10"3 radians; therefore,

3 8 .030 tn.a)
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Figure 5-11. Blur Caused by Sphericity of the Plane Display Mirror

! 66

V_____ ______



r is defined by

r = +d

where D is the required system exit pupil diameter (6. 44") and d, which is determined

in the next Section. is the diameter of the smallest circle inclosing all of the direc-
tional mirror centers (5.20"). Therefore, r = 0.65".

The dimpled mirror is a field element and has no effect on image quality; thus. the
surface quality and dimple accuracy need only be those required for proper light
distribution.

3 5.2.4 DISPLAY ARM MECHANICAL DESIGN

5.2. 4.1 Functional Description

As explained earlier in Section 3.2.2.4. the display window motion will be provided
by an articulated display arm as shown in Figure 5-12. The a7imuth drive is rather
straightforward in that a hollow hub with a remote drive must be provided. The ele-
vation drive mechanism is somewhat more complicated. Both rotary and translational
motion must be provided, and several possible solutions exist. It is also important
that the arm be as compact as possible at the bottom so that its effect on guidance
unit mount size is minimized.

It is required that all of the drive mechanisms as well as the structure be extremely
stiff. The 16 bit optical encoder needed to measure the display arm's azimuth posi-
tion must be mounted on the drive motor output shaft rather than on the driven hub.
For this reason, deflections in the drive belt as well as tangential and torsional
deflections of the arm structure add to target position error and must be kept below
5 x 10-5 radians total.

In the elevation direction, the arm structure itself serves as the ground point refer-
ence for the 16 bit optical encoder used to measure elevation mirror tilt angle. In

j this case, any axial runout of the azimuth bearing, radial deflection of the arm
structure, or angular error introduced by the mirror translation mechanism will add
to the target position error; thus, it must be kept below 5 x 10-5 radians also.

5.2.4.2 Azimuth Drive

The display arm must be cantilevered from the top so that it is physically separate
from the guidance unit mount while sharing the same azimuth axis. The possibility
of supporting the lower end of the arm on a bearing mounted at the bottom of the3 guidance unit mount yaw yoke was considered, but rejected because of increased
size and cost of the Guidance Unit Mount and because of serious potential vibration,
alignment, and disturbance torque problems expected from the mechanical coupling
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P of the two. The cantilever configuration with the resulting overturning moment
acting on the hub bearings will not be a problem, however, because a bearing large
enough to accommodate a 20. 5" inside diameter hub is designed to take loads many
times greater than will be imposed by the display arm.

To keep the bearing axial runout on the order of 2.5 x 10- 5 radians, a total indicated
runout of less than 3 x 10 - 4 inches is required; thus indicating a bearing of precision
class 5. In order to maintain the low rate torque ripple of the azimuth drive at'a
minimum level while also keeping bearing deflections to a minimum, a selection ofI two angular contact bearings in a preloaded back-to-back configuration was made.
Other bearing types considered were the four-point contact bearing and the 'x"
roller bearing.

Principal reasons leading to the selection of the angular contact bearing were that
1) pre-loading significantly reduces deflection and 2) angular contact bearings are
more tolerant of preload (which intensifies starting and ripple torque problems)
than are the other bearing configurations.

IThe drive train will consist of a pulley driven by a D.C. torquer and connected to
the display arm hub with a high stiffness, high fatigue life copper-beryllium belt.
The belt will be fastened to each pulley to eliminate slippage and preloaded to
eliminate backlash. Beryllium copper alloy was chosen as the drive band material
because of its high yield strength and fatigue limit. This material is also moreU easily heat-treated than steel since its hardness is obtained by precipitation at low
temperatures. Steel has a slightly higher modulus of elasticity (an advantage in
avoiding resonance problems) but not enough to outweigh beryllium copper's other3 advantages.

The band is sized to have a mechanical resonance frequency of greater than 5 times
the servo bandwidth of 10 Hz in order to prevent any interaction between these ele-
ments. The angular position error (e) caused by strain in the drive belt is given by

3 I aL

2R 2AE

3 where

I = load inertia (3.17 x 20 3 slug In2)

o = Maximum acceleration (7 rad/sec2 )

3 L = Length of one belt (4 ft)
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S= Hub radius (12 in.

A- =Belt cross sectional area (6" x .080" = 4.8 x 10-1 sq. in.)

E = Young's Modulus of belt material (2 x 10 psi for Copper-Beryllium)

Thus, e equals 3.2 x 10-5 radians. The display arm assembly (G. E. drawing

number SK56205-538) is included in Appendix C.

5.2.4.3 Elevation Drive

The elevation mirror must undergo vertical translational as well as rotary motion.

The requirements are that the linear travel (x) be related to the tilt angle (a) by
x = y tan 2 , where y is the display arm offset (17.25 in.).

If a single servo motor is to provide both linear and rotational motion, some type of

cam or crank-follower mechanism such as that shown in Figure 5-13 would be re-

quired. The crank-follower technique would use a four-bar linkage to provide the

vertical reference for a sixteen-bit shaft encoder used to measure mirror tilt. The
reference link must remain vertical to within less than the 10-4 radian resolution

capability of the encoder. Because of other error sources in the system. such as

display arm bending and bearing play in the display arm hub, the actual tolerance

should be less than 3 x 10- 5 radian. If a 10 inch reference bar is used, then the

shaft-hole clearance at each pin joint must be less than 1.3 x 10-4 inches. Also,

30 -  POSITIVE

• " '17.25" MOTION
~CAM

iQPOSITIONSa

2001k E R i
60u 0-

SEEKER
HEAD MIRO

D.C. TORQUE

ENCODER VERTICAL

RE FEltF CE
(4 BAR LINKAGE)

Figure 5-13. Crank-Follower Elevation Drive Mechanism
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3 a layout of the system showed that the line of action of the follower is almost per-

pendicular to the cam at low elevation angles. For these and other reasons, an

alternate approach, using a srider-guide mechanism as shown in Figure 5-14. was
also considered. A comparison of this class of mechanism with the crank-follower
Is given in Table 5-4. The comparison clearly favors the slider-guide mechanism
and this approach has been selected for implementation. Several available imple-
mentation schemes are compared in Table 5-5.

As for the mirror elevation drive system, it was decided to use a metal belt and
pulley arrangement, thus avoiding the dead weight and backlash associated with a
geared system or the high rotational speeds which would be necessary if a nut and
lead screw were used. The metal band system keeps the c.g. of the vertical drive
mechanism high in the display arm, thus minimizing kinetic deflections of the
structure.

I TABLE 5-4. COMPARISON OF SLIDER - GUIDE & CRANK
FOLLOWER MECHANISMS

I MECHANISM

Characteristic Crank - Follower Slider - Guide

Vertical reference for Moving *Stationary
position encoder

Type of guideways Positive motion cam Vertical guide

U Producibility of Complex curves are *Straight guides easily
guideway difficult to machine and machined with conven-

grind to required tional techniques to
T accuracies, required accuracies.

Impact on horizontal Long lever arms (>20") *Display arm is hori-
U cross-section of require large separation zontal; cross section

display arm of guidance unit mount is compact.
yaw gimbals.

Position of heavy Below elevation mirror *Above or at the same
components in display level as elevation
arm (which can cause mirror.
deflections)

3 Number of servos 1 1 or 2, depending on
implementation

3 *Most desirable

71

|.



I

MIR RORIDRIVE ,MIRROR

MOTORVT*A M 2

TO PRE-OADE

GIE

MEAD IGO E

DLTRNIVE MIRRORG

TORG

WHEEL

TO SPRING

Figure 5-14. Slider-Guide Elevation Drive Miechanism

72



cri "4

o " 4 .

I2 02 0

aa 0=u
k $0-2 c

EE E cc

4: ~ 00

3> __ _ _ E

oo-
A) E 4

co 0 . ~C x

cc ~ 0 co 0 > 0

-o Z* U 0

-- 0- a c .

~d 0

I ~0'3



The vertical position of the elevation mirror controls only the vertical coincidence
of the display exit pupil and seeker entrance pupil, and has no effect on target angular
position. As stated earlier, the exit pupil has been enlarged by. 5 inches to provide
for any such errors. One problem does occur. however, and that is mechanical

resonance. This is avoided by using a 4" wide by 016" thick copper-beryllium band
whose length is equal to the required stroke. The resulting resonant frequency of
70 Hz is then safely above the 11 Hz servo bandwidth.

It has been decided that in view of the low fatigue life of such counterweight compo-
nents as the Hunter "negator" spring and their large overall size, a simple dead
weight system will be used.

The vertical guide rails on which the mirror carriage will ride consist of two fully
supported ground circular bars as shown in GE Drawing No. SK56205-538. A linear
motion bearing assembly, such as that manufactured by SKF Industries and others.
will be used to provide a three-point kinematic mount for the mirror carriage. The
bearing rollers within this assembly will be preloaded to eliminate any running clear- I
ances, and. by maintaining adequate separation between rollers. the angular target
position errors caused by straightness errors in the rails will be limited to 2 x 10- 5

radians in azimuth and elevation. Any deviation of the rails from true vertical is
compensated for in the initial alignment of the elevation mirror.

The elevation mirror rotary motion is obtained with a direct-drive D.C. torquer as
shown in GE Drawing Number SK56205-534 (see Appendix C).

The carriage material requirement is for high modulus of elasticity together with
low density, high yield, resistance to creep at room temperatures, and low thermal
expansion. Magnesium. zinc. and aluminum alloys were considered. Magnesium
alloy was chosen because while its lighter weight is offset by a lower modulus, it 2
has a higher yield strength than aluminum in the annealed condition. This fully
stress-relieved condition will eliminate creep after machining. Pressed-in threaded
inserts will be used where necessary. Zinc alloys were found to be unsuitable be-
cause of their low strength characteristics.

5.2.4.4 Display Arm Structural Analysis

The structural design was dictated by several limitations imposed on the system. The
design envelope, which was chosen to accommodate the guidance unit mount, imposes

r
C
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I
the greatest design limitation. Weight was also a constraint inasmuch as it affects

the motor selection. A final'necessary constraint was the restriction of structure

in the optical pat% of the system.

The structural requirements which dictated design were angular deflections and
natural frequencies. Allowable angular deflection of the display arm was selected
to be 10- 5 rad. This allows the maximum amount of tolerance for the bearings and
other moving mechanisms. These tolerances are considered to be critical from a3cost and assembly viewpoint. Natural frequency requirements were set at 100 cps.
This is a conservative value assuring a negligible interference with the servo-
mechanisms in the system.

Significart loads on the system reduced to the lateral g loads caused by angular
accelerat ion and velocity of the system. The maximum angular acceleration of
400 /sec produces a g load of

G ar
GT g

1 where

GT = tangential g load (g's)

o= angular acceleration (rad/sec2

r radius to c. g. of component of interest

The maximum angular velocity of 100 /sec produces a g load of3 2
W r

Gl w 2 r

I where

G = radial g load (g's)

w angular velocity (rad/sec)

r = radius to c.g.

The arm structure was analyzed as a beam where the angular deflection under g load
is given by

6E1
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where

8 = angular deflection (radians)

w = weight per unit length of structures and components

L = length of arm (therefore, W-wL - total weight)

E = modulus of elasticity of structural material

I = inertia of cross section 1
For preliminary analysis the components and structure were considered as a dis-
tributed load along the structure. The component weight was estimated to be 80 lbs.
The structural weight was estimated to be 1. 6 lbs. An.

Angular deflection with the baseline design using magnesium as the structural material
is given below:

a (due to GT) 2.6x.49 =1.15x10-5 radT T 6 x 6x 10 6x 077

eR (due toGR) 2.6 x .214 x 403 .835x10- rad
6 x 6 x 106 x 185

These values are within acceptable range of the limit set forth earlier of 1 x 10-5 rad.

Material selection was based on an idealized situation which for purposes of analysis
is valid. The angular deflection of a beam is given by

WGL 
2

6EI

Let 0

W W + w'L
C

where

W c weight of components mounted on arm 0
w'L APL z wt of structure only I
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where

p = density of structure material

A = cross-sectional area of structure

I = Ad 2 ; d is an arbitrary value

Substituting. we get

I (WC + w'L) GL2

6EAd
2

As Lw' gets significantly larger than Wc e approaches

I A _ GL3  P GL3

I 6EAd2  6E d2

Since E is approximately the same for all candidate materials (steel, magne-,.um.
and aluminum), weight is minimized for the lightest weight structure. Since struc-
tural weight is significantly greater than component weight, it is advantageous to
use magnesium.

JTorsional stiffness and deflections were calculated for the arm. Stiffness require-

ments are determined by the equation
K - TL

G8

'I where

T = applied torque

L = arm length

G = shear modulus

K = torsional stiffness

"1 0 = allowable deflection

I
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The upper part of the arm is a box structure which is ideal for torsion. The lower I
portion is weak in torsion and analysis was restricted to it. The torque on the lower
portion of the arm was approximated to be 150 in. lbs. The stiffness requirement
under this torque is

2
KG = (150) (40) lb-in

= 6 x 108 lb-in2

The present structure is about 10% of this value. A 7 inch diameter steel tube 0.2
inch thick will meet the torsional stiffness requirements, but further analysis indi-

cates that the torsional deflections actually produce a lead in apparent target angle
which partially offsets the dynamic lag of the directional mirror servos. Torsional
stiffness is, therefore, not a critical design parameter and will be considered only
for its effect on torsional natural frequency which is approximately 125 Hz.

5.2.4.5 Display Arm Alignment

The general alignment procedures described earlier (Section 4.3) are to be used for
fine tuning and general system checkout. Initially, however, the following procedure
must be followed for alignment of the display arm azimuth hub and the display arm
mirrors. During normal operation the hub alignment can be checked by examining C3
the 20 second level attached to it, and any minor mirror misalignment is compensated
for with easily accessible bias adjustments in the directional mirror controls.

Azimuth Hub Alignment Procedure

1. Mount an autocollimator below the azimuth hub and adjust it so that its axis
is vertical to within +10 seconds.

2. Temporarily mount an adjustable flat mirror to the inner race of the hub so
that it is approximately perpendicular to the azimuth axis.
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3. Rotate the display arm in azimuth and adjust the mirror so that the error
sensed by the autocollimator is constant through an 180 rotation. The
mirror is now perpendicular to the azimuth axis.

4. Adjust the hub mounting screws until the error sensed by the autocollimator3 is zero. The azimuth axis is now exactly vertical.

5. Mount a 20 second level to the hub structure and adjust the level until it
reads zero error. The mirror and autocotlimator are now removed and
the level serves as the primary indicator of hub alignment.

Mirror Alignment Procedure

1. Move the display arm to the +90 ° position and mount an adjustable flat mirror
in the Guidance Unit Mount roll fixture so that it is approximately perpendicular3 to the roll axis.

2. Position an autocollimator in front of the mirror and adjust its axis to be
horizontal to within +10 seconds.

3. Rotate the GUM roll fixture and adjust the mirror so that the error sensed
by the autocollimator is constant through 360' rotation. The mirror is now
perpendicular to the roll axis.

4. Rotate the autocollimator in azimuth and the pitch gimbal in elevation until
the error sensed by the autocollimator is ?ero.

5. Remove the autocollimator. place the elevation mirror in its support
bracket, and return the display arm to the 7ero-zero position.

6. Mount the autocollimator above the elevation mirror, adjust its axis to
within + 10 seconds of vertical, and adjust the elevation mirror until the
autocollimator error is zero.

7. Repeat step 6 for each of the other display arm mirrors.

5.2.5 DISPLAY ARM SERVO ANALYSIS

5.2.5.1 Accuracy Requirements

Because the display window is one degree larger than the maximum seeker field of
view, the azimuth and elevation tracking accuracies must be better than 0. 5 degree.

I Considering the accuracy to which the seeker gimbal angles can be determined, and
computational errors involved in transforming these angles from missile body angles
to inertial angles, the dynamic lag errors must be less than. 36 degrees. Other re-
quirements are discussed in the following paragraphs.
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5.2. 5.2 Transformation of Seeker Line of Sight from Missile Body to Inertial Space

In the IRSS, the missile body axis is positioned in inertial space by the three-axis

guidance unit mount. The seekerhead is then set at some angle with respect to the i• missile axis.

In order to command a position for the display vindow in the simulator, it is necessary 3
to determine the position of the seeker itself with respect to the inertial coordinates.
The problem, therefore, is to determine two Euler angles, -c (the azimuth angle) and
ec (the elevation angle), which define the position of the seeker head in inertial space. 5
These two angles are found as functions of the three angles (Y, P. R) of the guidance
unit mount, and the two Euler angles, a and 3. by which the seekerhead position is
defined with respect to the missile coordinate system.

The angles, Yc and ec. are solved for by transforming the seekerhead axis back
through its positioning angles, 5 and a, and the three angles of thethree-axis gimbal, R, I
P, and Y. which results in the components of the seeker axis vector in the inertial
system. If the seeker head is also transformed from its original position back
through the unknown Euler angles, e^ and Yc' the components of the seeker axisvector are defined in the inertial framne in terms of a_ and i . The components ofthe seeker axis vector are then equated in the inertiaf framecfor the two methods

of transformation, thereby defining Yc and 6c in terms of . a. Y. P. and R. I
The position of the seeker with respect to the missile coordinate system is shown
in Figure 5-15.

The missile coordinate system components of 8 are found by rotating S back through

B and at:

xm 1 xs1

ymSys'

Substituting the pitch and yaw Euler matrices for B and o, respectively, results in:

Ca Sa 01 [C 0 -S S

S = [sa Co 1 1 1 J i
U Y

gOl
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Figure 5-15. Seeker Position with Respect to the Missile Coordinate System

I or. ~ 1 c.8 S3 -S:.C8 CfS~SI L

where

~So = sin , and C cos

I SI = sin 8, and C8 = cos8

It must be noted that the Euler angles (8, ) through which S is rotated are negative

3I angles.

Also for computational purposes S is defined as a unit vector.

rS1
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Therefore, the seeker head vector components expressed in the seeker's coordinate

system are C
-s I s 1 I

L: zs I b]

Substituting this result into the previous equation yields:

rS ] [mCosct. Cos a 1
Sym =Lsincvcos]

LSzmJ L sin J

which are the seeker vector components referred to the missile reference frame.

Next, the components in the missile reference frame are referred back to the inertial

frame. This is done by rotating backwards through the three gimbal angles (R. P.

and Y) as shown in Figure 5-16. X d

I I
mm

YI D
Z I .

Y m 
oz m

Figure 5-16. Rotation of the Missile Body by the Guidance Unit Mount
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The Euler expressions of these transformations are:

yl = [ Y ) ( P ] [R] Sym

3 Substituting the angles:

S CY SY 0' CP 0 -SP' 1 0 0 irs
= -SY CY 0 1 0

II yym

S0 0 H S] 0 ff CR S m lZLS. L L L 7. s  s mj

Sr YSY.CP:CY"SY.SP.SR+SY.CR!-CY.SP"CR- SY.SR1 CO

S = YC :-SY.SP.SR+CY-CR :sy-SP-c]R+cy- iF -C

L J S -C P- SIR CP. C R soJL s j
Therefore, S expressed in the inertial frame is:

Si CY-SYCPCCI.C5
xl -CY.sY.SP.SRSo-CO-SY*CR-So-.C

-CY SP CR.SB + SY.SR'SB
y = -SY CP. Cat-3/ +SY- SP. SR. So. CO - CY. CR. Sa,. CB

+SY SP. CR'SB+ CY. SR. S8

U SzI SP.C .c
S 4-CP.SR.S.CB

. L +CP*CR'SO

Again, the angles rotated through are negative angles.

I The seeker head vector. 5, expressed in inertial coordinates through two Euler rota-
tions, Yc and Oct is shown in Figure 5-17. The direction of transformation also makes3 Bc and Yc negative angles.

I
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Ftguire 5-17. Seeker Line of Sight in Inertial Coordinates C
The Euler rotations are:

SZ1 0 0 1 S B]0Cc Ts
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and,

Thus, we have two expression for the components of the vector. S, expressed in the
inertial frame. Equating these results in three simultaneous equations, which may be
written as i

(1) se = SP.Ca.CB+CP. SR.SI.CO 4CP.CR.SB

(2) -SY:Ce =-SY. CP. C:.C5+SY. SP. SI. So. CO-CY. CR. Sa- CB

*c c
+ SY"- SP.- CH. So +CY. SR - SO

I(3) CY 'CS =CY.- SY. CP. Ca. CO-CY.SY' SP' SIR'S. CO-SY- CH .S*.Cs

-CY. SP. CR. SO+ SY • SR. SO

I Since all angles involved are negative, we can replace:

Cj sin (-x) z -sin (x)

and

an cos (-x) c +Cos (X)

and the solution then is for positive input angles. Substituting these relationships
*4 Iand solving for Bc and T

(1) = arcsin [SP.Co.CO - CP. SR.Sa .C + CP .CR. SJ]

(2 1 =arc SYCPCCB +SY-Sp.snRSaCo+CY'CR-Sa-C

( -SY- SP CRS* COc ]
Also:

_CYSY-P-Cr-C -CY.SY*SP.SR.Sci.CO - SY.Cfl.So-CO
(3) Yf = aro -CY.SP.CR.SB -SYSR.So

1 Ce

]c

The display window azimuth (YLc)_nd elevation (G.) commands must, therefore, be
derived from rather involved transforrations. he nlementaition of these trans-
formation in the control console is discussed in Section 5.5.



5.2.5.3 Display Azimuth Servo

5.2. 5.3.1 Requirements and Desigh Rationale

The azimuth servo's position range is :90 degrees. The servo's bias plus dynamic
lag error shall be less than 0. 36 degrees. The servo must follow position commands
that move with an acceleration of 400 deg/sec2 up to a velocity of 100 deg/sec.

The azimuth servo's position must be sensed with an accuracy of 0. 1 mrad (for a [
reference input to the directional servos) and velocity with a linearity of 5" (for
recording target line of sight rate).

A 16 bit encoder senses azimuth servo position with an accuracy 0. 1 mrad. The
servo's compensation and open loop crossover frequency are selected to keep dynamic
lag error plus the error caused by friction to less than 0. 36 degrees.

A tachometer Is used to limit servo azimuth velocities to low values during mode
switching. This tachometer will also sense velocity with an linearity of 5% for re-
cording purposes as required.

In order to insure that the servo's settling time is less than the time it takes its posi-
tion command to reach a velocity of 100 deg/sec moving with an acceleration of 400
degree/sec 2 . an open loop crossover frequency. wc. of 60 radl/sec. is selected.
Assuming a reasonable setting time, ts, of one-third the time it takes to reach the
100 deg/sec velocity, it follows that ts = 1/3 (100/400) z 1/12 sec. The relation
between crossover frequency and settling time is approximately wc = 5/ts and.
therefore, the azimuth servo's crossover frequency is we (5)(12) 60 rad/sec.

5.2.5.3.2 Component Definition

The azimuth servo motor load inertia is 20 slug t2 . The motor is required to
accelerate the load to 400 deg/sec 2 (7 rad/sec ). An Inland (T-12008) 200 ft-lb
motor is selected. An Inland Dual 1000A 1800 watt amplifier will be used with
this motor.

A Wayne George (RA 16/555) 16 bit encoder is selected as the position sensor and
an Inland TG2138 tach is selected as the velocity sensor.

The azimuth servo components are given in Figure 5-18.

5. 2. 5.3.3 Servo Amplifier Gains and Compensation Network Definition c
The servo amplifier gains and compensation networks are Miven in Figure 5-18. The
series compensation was chosen so that the open loop transfer function's crossover
frequency is 60 rad/sec, as required, and the open loop gain (6000) is large enough
to reduce the dynamic lag error below the 0. 36 degrees required. The series
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(S/20+1)
compensation's lag-lead network (S/0.2-1) is needed to reduce the open loop gain to

0 db at the 60 rad/sec crossover frequency and still provide the lead needed for a
(S/60 + )

well-damped servo transient response. The compensation's lead network (S/60 + 1)

cancels the closed tach loop transfer function pole at 60 rad/sec and replaces it with
a pole at 600 rad/sec. This pole only adds 6 degrees of phase shift at the 60 rad/sec
crossover frequency.

The tachometer feedback loop acts to increase the motor mechanical pole from 0. 11

rad/sec to 60 rad/sec and the tach loop compensation (S/120 1) cancels the motor
electrical pole at 120 rad/sec. i

The open loop transfer function can be determined from Figure 5-18 by first deter- amining the closed tach loop transfer function: 3

G 455
1 + GH =S(S/60 + 1) (S/1000 + 1)

and then multiplying all transfer functions. Neglecting the pole at 1000 rad/sec.
the open loop transfer function is:

GOL 6000 (S/20 + 1)

S (S/0. 2 + 1) (S/600 + 1)

5.2.5.3.4 Servo Performance

Since a 16 bit encoder (0. 1 mrad/increment) is used as the azimuth servo angle error
sensor and the azimuth servo torque disturbance response is less than 0. 01 mrad/ft-
lb. at all frequencies (see Figure 5-19). the servo bias error is less than 0. 01 degrees.

The dynamic lag error, E, for an open loop transfer function. GOL, of the form
K(r 2 S1) E (T + T -

S(T S+1) (T 3 S+) K K2

where # is the servo input command and ' and * are the velocity and acceleration of
this command, respectively. I
Substituting the azimuth servo parameters into this formUla results in a dynamic la-
error of 0.35 degrees. Therefore. the azimuth servo meets its bias plus dynamio
lag error requirement of less than 0. 3r degrees.-
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5. 2. 5. 4 Display Elevation Servo

5.2.5.4.1 Requirements and Design Rationale

The elevation servo's position range is -15 degrees, and its bias plus dynamic lag
error shall be less than 0. 36 degrees. The servo must follow position commands
that move with an acceleration of 200 deg/sec2 up to a velocity of 50 deg/sec.

The elevation servo's position must be sensed with an accuracy of 0. 1 mrad (for a
reference input to the directional servos) and velocity with a linearity of 5% (for re-
cording target line of sight rate).

A 16 bit encoder will sense elevation servo position with an accuracy 0. 1 mrad as
required. The servo's compensation and open loop crossover frequency are selected
to keep the servo's dynamic lag error plus the error caused by friction to less than
0. 36 degrees.

A tachometer is used to limit servo elevation velocities to low values during mode 3
switching. This tachometer will also sense velocity with an accuracy of 5% for re-
cording purposes as required.

In order to insure that the servo's settling time is less than the time it takes a positio%
command to reach a velocity of 50 deg/sec moving with an acceleration of 200 deg/sec-,
an open loop crossover frequency, c, of 60 rad/sec is selected. Assuming a reason- C3
able settling time, ts . of one-third the time it takes to reach the 100 deg/sec velocity,
it follows that t = 1/3 100 =I/12 sec. The relation between crossover frequency
and settling time is approxmately u c = 5/ts and therefore, the elevation servo's 0
crossover frequency is uc = (5) (12) : 60 rad/sec.

5.2.5.4.2 Component Definition 0

The elevation servo motor load iaertia is 0. 2 slug ft2 . The motor is required to
accelerate the load to 200 deg/sec 2 (3. 5 rad/sec). An Inland (T-2955) 0. 85 ft-lb 0
motor is selected.

An Inland 150A 150 watt amplifier is used with this motor.

A Wayne George (RA 16/555) 16 bit encoder is selected as the position sensor and an
Inland TG 2138 tach is used as the velocity sensor. U
The elevation servo components are given in Figure 5-20. A

5.2.5.4.3 Servo Amplifier Gains and Compensation Network Defir ' "nn

The servo amplifier gains and compensation networks are given in Figure 5-20. The U
series compensation was chosen so that the open loop transfer function's crossover
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frequency Is 60 rad/sec. as required, and the open loop gain (720) is large enough to
-educe the dynamic lag error below the 0. 36 degrees required. The series compensa-

tion's lag-lead network (S/12+ is needed to reduce the open loop gain to 0 db at the

60 rad/sec crossover frequency and still provide the lead needed for a well-damped
(S/60+1)

servo transient response. The compensation's lead network (,/60+1) cancels the I1

closed tach loop transfer function pole at 60 rad/sec and replaces it with a pole at -!

600 rad/sec. This pole only adds 6 degrees of phase shift at the 60 rad/sec cross-
over frequency. '
The tachometer feedback loop acts to increase the motor mechanical pole from 0. 06

(S/620 + 1) cancels the motor I
rad/sec to 60 rad/sec and the tach loop compensation (S/2500 + 1)

electrical pole at 620 rad/sec. The open loop transfer function can be determined
from Figure 5-20 by first determining the closed tach loop transfer function

G 455
I +GH S(S/60+1) (S/2500+1)

and then multiplying all functions. Neglecting the pole at 2500 rad/sec, the open loop
transfer function is: I

720 (S/2 0 + 1)
GeL -S(S/o. 2 + 1) (S/600 + 1)

5.2.5.4.4 Servo Performance

Since a 16 bit encoder (0.1 mrad/increment) is used as the elevation servo angle
error sensor and the elevation servo torque disturbance response is less than 0.01
mrad/in-oz at all frequencies (see Figure 5-21), the servo bias error is less than

* 0.01 degrees.

The dynamic lag error, E, for an open loop transfer function, GOL, of the form

K(T 2 S +1) K( 1 +r 3 - T2) -1
is: E -28S(TS +1) (TS1 2 3

where B is the servo input command and 0 and d are the velocity and acceleration of
this command, respectively.

Substituting the elevation servo parameters into this formula results in a dynamic
ag error of 0.35 degrees. Therefore, the elevation servo meets its bias plus
dynamic lag error requirement of less than 0. 36 degrees.
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*.. ... a . -.ve ervo

. 5, 1ei~i
"l ;- 06 . 'vos position range in +9. 9 inches and the total servo

Thisiedi, servo ms olwvria rv error is
t?#.oirel li, =An It. 25 inches. This servo mu follow rtica drive commandsL movt l -leation of 170 ins/ssc2 up to a velocity of 37 ins/sec.

A 't , -sor with an error of much less than 0. 25 inches is selected.. serv -.=zn ind open loop crossover are selected to keep the servo I.,v.:Lnlc i,,,, ... . th- servo errors caused by friction to less than 0. 25 inches.

An " %l -. r frequency. wc" of 70 rad/sec has been selected becarse this I
-.94S

.  mu ,.. rnmand that moves with an acceleration of 170 ins/sec- up to
t. tt . c. Assuming a reasonable settling time, t. of one-third the

tta 1. 0 37 Ins/sec velocity, then it follows tha t t 1/3(37/170) I.* ",et. -scn the previously used relation between crossover frequencyt , 1".t.iug. A/s  70 rad/sec. This same rationale was used in selecting• eservos' open loop crossover frequency.

, 2. " $ -  , " lnrtionT.,. '** errin,.o. I

to,2 it.) -otor load inertia and load friction torque are estimated to72 s'.-, :1 -lb. . respectively. The motor is required to accelerate dt", .,,,d to 170 in/sec2 times a 1/6 rad/in linear-to -rotational motion,,,It :,:ale : "-lb. Inland (T-10036) DC torque motor can overcome this

"this load to the 28.4 rad/sec2 required. 3
An 10 an d  "ower amplifier will be used with this motor.

A 0. .tiometer directly coupled to the motor shaft and operating U
wirl ISOL '-p" ss L+ 9ree . 9 inches times a Z degAn belt scale factor)will I *in accuracy of. 058 inches. W

Au iI'' rl l"w he used to limit the vertical servo drive rates to low
rl.l,"'. This tach will also reduce servo errors caused by

Thn mponents are given in Figure 5-22. 3
5. 2. C ralm and Compensations Network Dofinition

The W ? compensation networks ar given in Figure 5-22. ThesOrtl" I., ".on so that the open loop transfer function's crossover
" required, and the open loop gain (1630) is large enough
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to reduce the dynamic lag error below the 0.25 inches required. The series com-

($/23 + ) is needed to reduce the open loop gain to 0 db

pcnatin'sla-led n~Ark(S/i +1)

at the 70 rad/see crossover frequency and still provide the lead needed for a well-~(S/70 + 1)

damped servo transient response. The compensation's lead network (S/700 +1) 1
cancels the closed tach loop transfer function pole at 70 rad/sec and replaces it with

a pxe at 700 rad/sec. This pole only adds 6 degrees of phase shift at the 70 rad/sec "

crossover frequency.

The tachometer feedback loop acts to increase the motor mechanical pole from

3 rad/sec to 70 rad/sec and the tach loop compensation (S/333 + 1) cancels the

motor electrical pole at 333 rad/sec. B 0+1)

The open loop transfer function can be determined from Figure 5-22 by first deter-

mining the closed tach loop transfer function:

G = 1630( S/23 + 1) 1
I +GH S(s/1 +1) (S/700 +1)

5.2.5.5.4 Servo Performance I
lh vertical drive servos torque disturbance response is not much greater than a

"u. In/ft-lb (see Figure 5-23) and the vertical position sensor accuracy is 0.058

Inhes. The servo's dynamic lag error (using the formula given in paragraph

.2.5.4.4 for 170 in/sec2 acceleration and 37 in/sec velocity) is 0. 125 inches.
rherefore, the servo's total error will be less than the 0. 25 inches allowed.
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I,
,. 3 TARGET PROJECTION SUBSYSTEM DESIGN

, 3. 1 CONFIGURATION AND REQUIREMENTS

As discussed earlier in Section 3.2.3, the target projection subsystem consists of

riht element projectors feeding into the directional control assembly. This assembly,

in turn, consists of 7 small mirrors, each mounted on a two-axis gimbal assembly to

provide precise target position control within the display window. The eighth mirror

,i fxed since it directs the 7 degree infrared background only. These two assemblies

are then mounted on the assembly core which is, In turn, fixed to the single axis-

projector azimuth table as shown in Figure 5-24.

The requirements are as follows:

Target Characteristics See Table 5-6 1
Target position control Azimuth Elevation

Range of Motion 3. 5 I
Position Accuracy < .7 mrad <.7 mrad

Position Repeatability < 4 mrad <.4 mrad I
Maximum Velocity l00e/sec 100"/sec

Maximum Acceleration 400*/sec 400*/sec2

Range Simulation (Apparent Size and Received Flux)

Range 50 meters to 5000 meters g
Range simulation accuracy 5% up to 1500 meters

Repeatability 1% up to 1500 meters I
Maximum Closure Rate 1500 m/sec

Maximum Closure Acceleration None specified

2. 3.2 DIRECTiONAL CONTROL ASSEMBLY

,.t:.2.1 Configuration

I 'm h of the two-axis gimballed mirrors will have the configuration shown in Figure

;-.,;. It is extremely important to pack these seven mirrors plus the one stationary
"'rror in as tight a configuration as possible in order to conserve system brightness
bt rI'du('in the pupil expansion requirements. This requirement precludes the use

6.1 4 1tlrect drive or even a single belt drive. Of primary importance in this type of

,'urh ,nl.,m is the resonant frequency of the drive belt. Backlash is eliminated by

i r'hi.uling and slippage is eliminated by fastening the belt to each pulley. The natural

1r,',i.VnCy was calculated to be 310 Hz, which is so far above the 10 liz servo band-I
-.1th that it can be completely neglected in the servo analysis.
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TABLE 5-6. TARGET CHARACTERISTICS

Target Shape and Radiant Spectral QuantityI
Type Size Intensity Band

Tailpipe Clrcular-0. 15 1-1000 1 -5 I 4I
to I meter diam. watts/steradian

Plume Triangular- 1-500 3-5 1
lx1 meter to watts/steradian

Slx meters
variable with

aspect angle

Fuselage Rectangular- Contrast ratio .3-. 4i 1
1x1 meter to -. 1 to -0. 9, .4-. 7p
Ux20 meters adjacent back-
variable with ground variable

aspect angle over range 10 - 4

to 10 - watts/
cm2 /sr in each 3
band

Flare Circular Up to 10 times 1-5,A
0. 1 to 1 meter any target; C1
diameter spectral dis-

tribution to I
approximate a
2000" K black
body

I.R. +5.4xl03 -31-
Background watts/cm2 /sr

1. 4 x 10-4 3-U 1 3
watts/cm2 /sr

*Ejection rate - up to one per second for 15 seconds; maximum separation velocity - I
30 meters per second.

With the ejection rates specified here, 15 flares could be in the field at one time at 3
the maximum range, a clearly impractical goal. If one tailpipe and one infrared
background are provided, 6 flares could be produced simultaneously with this pro-
jection scheme and should be adequate. I

+Since no infrared background requirements were specified, they were derived from
Figure 5-25 which was extracted from the Handbook of Military infrared Technology I
and other references.

100 1



13-

I I ir~OvokcmSky

S 1 2 3 4 5

Figure 5-25. Spectral Radiance of Sky and Clouds

MIE

InXA
U SEMVO
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The directional control mechanism and assembly preliminary design are shown in GE
drawing # 47R196992 which is included in Appendix C. The outer gimbal motor hous-

ings are arranged in step fashion to minimize the, diameter of the packing circle,
which Is 5.2 inches.

The mirror gimbal angles (0 and 0) do not correspond to the command signals I
generated by the subtraction of the target command from the display arm position
(e# and e). The transformation that is necessary is discussed in detail in Section
5.3.2.3. I

5.3.2.2 Directional Servo Analysis

5.3.2.2.1 Requirements and Design Rationale

The directional servos' inner axis position range is *3.5 degrees and their outer axis I
position range is *5.25 degrees. The bias plus dynamic lag error of the inner and
outer axes shall each be less than 0. 7 mrad and the jitter error of the inner and outer
axes shall each be less than 0. 5 mrad. The inner axis must follow a command with
an acceleration of 600 deg/sec2 up to a velocity of 150 deg/sec, while the outer axis
must follow accelerations of 400 deg/sec2 up to a velocity of 100 deg/sec. 3
The directional servos' position must be sensed with an accuracy of better than 1 mrad
and velocity with a linearity of 5% for recording purposes.

A RVDT will sense the inner and outer servo positions with an accuracy of 0.25
milliradians over the range required. This 0.25 milliradians is within the servo
bias plus dynamic lag error budget of 0.7 mrad and the position recording accuracy
of 1.0 mrad.

A tachometer is used with a feed-forward servo velocity command to reduce the
servos' dynamic lag error. This tachometer will also be used to reduce the servos'
error caused by friction and will sense velocity with a linearity of 5% for recording I
purposes.

The servos' compensation and open loop crossover frequency are selected to keep the fl
servos' dynamic lag error plus the servo error caused by friction to less than 0.45
mrad.

In order to insure that the servos' settling time is less than the time it takes a position
command to reach a velocity of 150 de/sec (inner) and 100 deg/sec (outer) moving with
an acceleration of 600 deg/sec 2 (inner) and 400 deg/sec2 (outer), an open loop cross- U
over frequency, W.9 of 60 rad/sec is selected. Assuming a reasonable settling time,
ts, of one-third the time it takes to reach the 150 dogr/sec (100 deg/see) velocity, then
it follows that ts = 1/3 (150/600) = 1/3 (100/400) m 1/12 sec. The relation between
crossover frequency and settling time is approximately wc = 5/ts and, therefore, the
directional servos' Inner and outer axis crossover frequency is W c -- (5) (12) = 60
rod/see.
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I5.3.2.2.2 Component Definition

1Limited angle brushless Aeroflex torque motor (TQ1S-7, 20 in. oz) and Tachometer
J (TG18-14) are selected. An inland 50A 50 watt amplifier will be used with this motor.

1 A Pickering RVDT (P-2350) with an accuracy of 0.25 mrad over a *5. 25 degree range
is chosen as the position sensor.

The directional servos' inner and outer axis components (which are identical) areI igiven in Figure 5-27.

J5.3.2.2.3 Servo Amplifier Gains and Compensation Network Definition

The servo amplifier gains and compensation networks are given in Figure 5-27. The
I series compensation was chosen so that the open loop transfer function's crossover

frequency is 60 rad/sec, as required, and the open loop gain (6000) is large enough
to reduce the dynamic lag error below the 0.45 mrad required. The series com-
pensation's lag-lead network (S/20 + 1)/(S/0. 2 + 1) is needed to reduce the open loop
gain to 0 db at the 60 rad/sec crossover frequency and still provide the lead needed
for a well-damped servo transient response.

The tachometer feedback loop acts to increase the motor mechanical pole from 2.2
rad/sec to 200 rad/sec.

The open loop transfer function can be determined from Figure 5-27 by first deter-
mining the closed tach loop transfer function,

G _ 1300
'1 I 1 +GH S(S/200 + 1) (S/5000 +)

and then multiplying all transfer functions. Neglecting the pole at 500 rad/sec, the]open loop transfer function is:

-O 6000 (S/20 + 1)SGOL = S(S/0. 2 + 1) (S/200 + 1)

5.3.2.2.4 Servo Performance

The directional servos' (inner and outer axis) peak torque disturbance response is
about 80 mrad/in-oz. (see Figure 5-28). However, since brushless torque motors
and tachometers are being used which have essentially zero friction torque, the
servo jitter error will be less than 0.5 mrad. The low frequency torque disturbance
response is less than 1 mrad/in-oz and, therefore, the servo bias error resulting

j from friction is negligible compared to the servo bias error resulting from the IRVDT
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positionsensor accuracy (0.25 mrad). The dynamic lag error, E, for an open loop
transfer function of the form K (T2 S + 1)/S (T1 S + 1) (T3 S + 1) (this is the form of
the directional servo's open loop transfer function) is:

K(T I +T 3 -T 2 ) -1.

K K2

where 7 is the servo input command and 1 and f" are the velocity and acceleration of I -

this command, respectively. The dynamic lag error with the addition of a velocity
command fed to the tach loop is:

K (T-T 2)-1 T 11

2 K2

where C is the amount of the true velocity command fed to the tach loop (a 5% velocity 1
error means 95% true velocity and C = .95).

Substituting the directional servo parameters along with C = 0.95 into the dynamic
lag error formula results in a dynamic lag error of 0.45 mrad for the inner axis and
0.30 mrad for the outer axis.

The bias plus dynamic lag error budget of 0.7 mrad is, therefore, met by both the

inner and outer axes of the directional servos.

5.3.2.3 Target Positioning in the Display Field

5.3.2.3.1 Introduction 3
The approach selected for the target display subsystem of the IRSS is to slave the
display window to the sensor, so that the two will move in unison within the display
field. The display window is a 3. 5 degree cone about the central axis of the display
arm. The sensor field has the same central axis with a smaller cone angle.

The object of the target positioning subsystem is to place the target at a desired
position within the display field. The target position may or may not be within the
sensor field of view. The target is generated by reflecting a fixed light beam off a -

mirror supported in a two-axis gimbal. The light source and gimballed mirror are
slaved to the display arm of the system.

The display arm may be .located anywhere within an aximuth angle OA) of *90", and
elevation angle (8A) of *30". The target may be placed anywhere within a 3. 5' cone
about the display arm central axis. The target position command is given in the
form of two angles, ( and C9. which represent the difference between the display
arm position, OA andiA, and the desired target position, OT and 0 T (see Figure
5-29).
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Figure 5-29. Display Arm Position and Target Position in Inertial

Reference Frame

The following analysis is carried out in order to determine the exact solution of the
transformation equations relating the desired angular position of the target OP and
ST) to the required angular position of the gimballed mirror (0 and #). Thus,
knowing the display arm position (i, and 6 A)I and the delta input angles (co and Ce)

which define the desired target posi~ton, the transformation equations may be solved
to determine the exact gimbal rotations (Q, #) which will position the target reflect-
ing mirror such that the incident light beam will be reflected to the desired target
position.

* The transformation ecuations representing the exact relationship between target
position and mirror po )n are very complicated. The hardware required to solve
these equations, in particular the multipliers, is costly. Therefore, the exact solu-
tion equations will be reduced to approximate equations by standard approximation
methods. The approximate equations, determined to an acceptable accuracy, will
then be incorporated into the target generation subsystem.

i The complete target generation subsystem consists of seven individual targets. How-
ever, since these are similar, this analysis is carried out for a single representative
target.
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5.3.2.3.2 Definition of Display Arm Position *A, GA), and Target Posltion *T, ST)

The coordinate system (XT, YT, ZT) is affixed to the target vector, T, and the (X2 ,
Y21 Z2 ) coordinate system Is affixed to the display arm vector, A. Both the target
coordinate system and the display arm coordinate system are referenced to the
inertial coordinate system (X1 , Y1 , Z1 ) by two Euler rotations. Both the target
vector and the display arm vector are defined as unit vectors along the Z axes of their
respective coordinate systems. All three systems are initially coincident; the pool-
tion of the display arm vector is then obtained by two Euler rotations, the first being I
A about the Y2 axis (initially coincident with Y1 ) and the second being 8A about X2 .

Likewise, the target position is described by T nd 0T .

The vectors and their Euler angles are shown in Figure 5-3. From the geometry of
the figure and the definition of the angles, we see that: 4j = OA + ( and OT = tA +
go, where e and to are the angular differences between isplay arm position and
target position measured in the Inertial reference frame.

In the physical positioning of the display arm, A, the angle ?4 A corresponds to an
azimuth angle, and dA to an elevation angle. The angles ( and (9 represent the
difference between the desired position of the target, T, and the actual position of the
display arm as specified In the inertial coordinate system. However, the outer and

inner gimbal rotations of the target positioning mirror correspond to Euler rotations
in the coordinate system affixed to the display arm. the (X2 , Y2 , Z2 ) reference frame.
Therefore, for a known display arm position (WA, 8A), the desired target mirror
position, defined by C* and c9, must be transformed into two Euler rotations (0 and 0)
measured with respect to the display arm reference frame. I

Defining the mirror position angles will be done in two steps: first - by defining the
desired target position with respect to the display arm reference frame, and second -
by determining the required mirror position (0 and #) which will direct the incident
light beam to the desired target position, also in the display arm reference frame.

5.3.2.3.3 Target Position In Display Arm Reference Frame U
The Euler angles between the target reference frame (XT, YT, ZT) and the display
arm reference frame (X2 , Y2, Z2 ) are defined as: first a rotation, A, about the YT
axis (initially coincident with Y2 ), nd second, a rotation, a, about the XT axis. The

two reference frames and rotating angles are shown in Figure 5-30.

The components of the target vector, T, expressed in the display arm frame are:

T T X2 +Ty2 2

I
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Sx2  x Y2

2 kZ2

I
Fit e 5-30. Target Position With Respect to the Display Arm Reference Frame

The values of these components In terms of the Euler angles a and a £re:

iTX2 = IT Tcoosastno

I TY2 x - T I sin*

T TZ2 " ITI cos a cos

The target vector may also be expressed in the inertial frame as:

T a TX1 I1 +TyJl +TZ, k,

With the component values expressed in terms of the Euler angles PT and OT (see

Figure 5-29) we have:

" TX1 = ITI coo T sin*T

Ty, ITI sinbr,

TZ1 = IT ICosO T c o

0
T
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Figure 5-30.. Target Position With Respect to the Display Arm Reference Frame

The values of these components In terms of the Euler angles a Ld are:

STX = ITI coo a sinT2

I Ty2 -- ITI sin*

Tz 2  I TI cos a cos

The target vector may also be expressed in the inertial frame as:

. T = TX1 i +Tyj 1  T z
l k,

I With the component values expressed In terms of the Euler angles 0T and dT (see
Figure 5-29) we have:

TX1 = ITI coo T sin*T

Ty 1 = ITI sin "T

TZ 1 - ITI cos OT coso T
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As shown in Figure 5-29, the display arm reference frame can be related to the inertial
reference frame by two Euler rotations, 4A and G . If the matrices of these rotations
are called, respectively, A and B, the relatonship between the target vector compo-nents in the inertial frame and the display arm frame are:

TX2  TX1 I
CTi [BI] AIy

where ITS -I

cn 0 -sinl* 1 0 0 ]3
A= 0 1 0 B = 0 cosGA sin A

Ssin A 0 cos *A 0 -sin 0 A cos OAJ

Substituting the values for the components of T in their respective frames of reference I
we have:

[coo asin 1 0 0 os0 0 -sin*1 co5osinT 3

-sin J o 0 cosA sin 0 A 0 1 0 -sin0T

L oo0cosP 0-sin8 A  coso 0 A LinA 0 co, A  E T  l

Carrying out the multiplication:

coo 1 sin" Cos 0A cos T sin *T " sin *A cos T cos T I
-sin a sin 9 A sin cA Cos 0 T sin T - cos 0 A sin 8T i

+ sin 0A coso A cos 0T coso T

cos co cos 0A sin A cos T  sin GT sin aA sinT I
+ cos 0A os 4A co OT con T I

With the above three equations, combined with the relationships between the display
arm position *A, 0 A), the target position (OT, 9T), and the difference angles (s .tI
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all in the inertial reference frame, we have defined the target position with respect
to the display arm reference frame (i.e., 0 and a). These relationships are sum-
marized below:

( .eT  = 9 A  +

i(3.) s*T=-sln~ s n  cosOT sin T -~CoOA sin 6T s n 6 cos A

coo 1T Cos

i(4.) co ot sin o = cosO A Cos a T sin OT " sin APA coo ST Cos tT

i (5.) cos o Cos =cosoAsinOA CosOTs lT +snA TsinOT

+ Cos Cos Coss cos I

* 5.3.2.3.4 Mirror Position (0, 0)

The light source which produces the target Is incident to the mirror along the axis of
the display arm coordinate system (Y2 ). The positioning mirror is fixed to the dis-
play arm system, but may be set at two Euler angles with respect to it in order to
achieve the desired target position. The mirror coordinate system is defined by its
normal, N, a unit vector perpendicular to the plane of the mirror. The orientation
of the other two unit vectors in the plans of the mirror is not significant in this
analysis.

For analysis purposes, assume that the normal to the mirror is, initially, along the

Y2 axis of the display arm. Its orientation will then be measured by two Euler rota-
tion from this position. The first rotation, 0, is about the Z2 axis of the display
arm coordinate system. This corresponds to an outer-gimbal rotation in the mirror
positioning system. The second rotation, 0, is about an axis in the (X2 , Y2 ) plane
perpendicular to it, such that IT moves in a plane perpendicular to the (X2 , Y2 ) plane
of the display arm coordinate system. This movement corresponds to an inner-gimbal

* rotation in the mirror positioning system. The normal, positioning angles, and inci-
U dent ray are shown in Figure 5-31.

From Figure 5-31 we can see that the components of N with respect to the display
arm coordinate system are:

I Nx - -INI os #sin Q

Ny - INI coo ecosf

NZ - INI sin#

I
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Figure 5-31. Mirror Position In Display Arm Reference Frame

and,

N NX ?4 1 +1yi2+NZ 2

As before, the target referenced to the display arm coordinate system is:

T T I+ T + T k
x 2 y 2 z 2

and,5

Tx ITI coofsin 0

Ty - -TJ sin a
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Also, from Figure 5-31 the incident ray, 1, in the display arm system is:

Jb-I12

To determine the relationship between the psition of the Incident ray, 1. the normal
to the mirror, N, and the target position, T (which is also the output ray, 0, fromI the mirror), we employ the physical relationship between the vector cross-product

* of the normal with each of the other two vectors. That is:

From this relationship:

OxN = TxN =(TY 2 NZ 2 -T Z2N Y2 )' 2 +(TX 2 NZ 2 +T Z2 NX 2 ) J2

+ (TX2 NY2 - T Y2 NX2) kc2

I~ Nx I -(-N I 120. 2  (Nx 1) k2

1Equating like terms results in three equations

1. T N ~N -N I

u2.TXN - ZN 0
3. TX Ny-Ty NX = NI
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By substitution it can be shown that the first and third equation are equivalent. Sub-

stituting the component values in the equations, and defining

111 = 1, we have:

1.) TyNZTzNY = -z I
or: TNYTYNZ = [

1.a) (cos a cosP) cos0 cos 0 -(-sin a) sin# =sin*

2.) TX NZ = Tz NX

2. a) (cos a sin P) sin* = -(cos at cos) cos sin nii

Let

P = sincr I
Q = cos acos#
R = -cos a sin/

The resultant equations are:

1.a) Qcos# cosil+ Psir = sin#

2. a) -R sin # = -Q cos 0 sinfl [

Solving:

from 1. a) Q cos, cos fl (1-P) sin*

sin 0, ortan# =- cos ncoo * co a l-P ' -P

from 2. a) [

sin _ Q
cos sin 0 [
tan# =-aQsinO j
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combining 1. a) and 2. a),

Q Q
sin" 0 =- cos

* sin n R
cos 1-P

I R -cos a sin

tan a -P =  1 -sinC

3 from 1.a)

Q Cos OfCos,
tan (cosfl) = (cosfi) 1o

The equation for 0 must be solved first, and the result employed in solving for 0.

If we now substitute in for a and 0 the expression relating them back to the display
arm and target positions in the inertial frame, we get the desired result, namely, the
display arm position (PA and 9A) and the desired angular differences between the dis-
play arm and target (e and ce), related to two rotations of the supporting gimbals of
the target positioning mirror (0 and -0). The relationships are:

-Cos tA Cos 1T sin 4T + sin 'PA cos 8 T cos OT
(1) tanif = i c s n + cos esine(1 -sin a sin A  esin T  sin

(1oA A cos T T cosA T

A A T T
(2) tanO (cosQf) (cos GA sinOA cos 9T sin OT + sin 8A sin OT

I+ Cos 0 A Cos 0 A Cos 8 T Cos 1b T)

(1 - sine A sin 0A cos 0T sin 0T + cos 0A sin 0T

-sine A c osOS T Cos T )

Where OT and OT are computed as previously:

(3) T V A +  4)0

(4) 0 T 8 A
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In Table 5-7, the solutions of the exact equations, fl and 0, along with the correspond-
Inga and P, are listed as functionsof 6A, c, and le . The mirror position angles,
0 and #, are independent of the display arm azimuth angle, 4A' and, therefore, the
value of AOA was left at 0. 0° in generating these data.

5.3.2.3.5 Approximation Equations i
The two mirror positioning equations are lengthy and complex. The large number of
multiplications involved presents problems in the solution of these equations. The
analog computer, to be used for target position computations, has a limited number
of multipliers available, and additional multipliers are costly. Therefore, it is de- j.
sirable to approximate the mirror positioning equations, preserving accuracy while 3
minimizing the number of multiplications required.

Numerous data points were generated, via the exact mirror positioning equations, for i
solutions of n and 0 over the range of 8A, €t, AA, and co. Approximation curves were
fitted to these data points using least squares or equivalent methods. 3
The most accurate approximation equations determined thus far are:

(outer gimbal) 2 = L Lcos 8,-+ . 018 C - .004 1
(inner gimbal) =0.5 0 -.009 2 +.00014 A i

*=0.5 c+C -. 009OE+.00014e

Table 5-8 shows the actual and approximate solutions, and the difference between
them for both 11 and#. The difference between actual and approximate values of S1
and 0 has been limited to .2 m radian maximum. The fl and 0 values listed in
Table 5-8 are the same as those generated in Table 5-7 so that they may be cross- I
referenced to determine the values of 6, c., and f used in the approximate
equations. f
When c and ce are both 0. 0° , 0 has a value of 45'. 0. Since this is an "Initial
condition" represented by a constant, it is subtracted from the original 0 before the
0 approximation is determined. Therefore, the 0 approximation equation actually
generates a value for (0 exact - 45.0').

5.3.3 PROJECTOR DESIGN

5.3.3.1 Optical Design 3
5.3.3.1.1 Functional Description

The element projectors will all be* basically conventional transparency projectors
employing Abbe illumination as shown in Figure 5-32. The essential optical elements
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TABLE 5-7. SOLUTIONS TO TARGET POSITIONING EQUATIONS

. . a. a b. 2g. F. 0. 4 6. 09

*. 0. 3.6010 0. 3.0e06 6. 6.e 46.5('0
*. 0. 0. 1.e0 o. 1.o1e -1.ev 44.99 1
to o Iee I-COO 1.00 *.,o -1.017 45.491

0 0. r. 0 i(A , ' Veeo O.ki. " I., I5 45.991
0. 8. 3. O.O l.0001 3, 00i.; . c(40 - IP.S,4 4 6.49 1
so 0. 0. ?.0,0 r. 2.CC I -. 999 44.96SI . E .r..' E.e t-(*Ga 2.epe -P. P 4S.465
a. e. P. 0L 0 2. 0e 2.o0(00 2.0a -2. 010 4S.964
o. t. 3.mile, 2.C f'0 3.66 2. (f') -2.1C.6 46.463
e. 0. s. 3.1410 s. 3. Whc -2.996 44.922
0. C. 1. 1.13i 2-.cla 3.900 3 o 1 M -3.oft9 45-420
0. 0 . 2 iPk- 3. c; P .; . Of 3.tipC -3-I2 45-919

o. P. 3.rC1. 3.0C6 3. COO 3.CCe -3.1S1 46.417
e.e . . e . . . 4ssees

10.0 0. I • 6oi 6. I.00 6. 6. 4 .. S
1 0* . 2.0001. 8. P.bus0 . t:o 4 6. ecle
le-0e . 3.oo' e. 3.!(, a. 0. 4 . ,A40

109 . .09 0.01 9* -o6 44.992
Se.0 6. 1.000 I.e?! I-eel (.9T2 -0.999 45.49.
1C-.*0 0. 2.+ON) 1Ipil P.,. Z1 0.979 -lo*st.% A5,992
10-1 f. 3.-c8 1000 3. et) I D*976 - IsUPC 4 6.4, 2
18-0 . 2 -o 0. e.006 0. C-6 1.979 -1-969 44.969

l 0. 2.1106 9.0008 2.eV6 1.957 -2. e6 4S.966
30.0 0. 3.00. 2.0139 3.PP6 1.951 -2.855 46.466
1.0 0. 0. 3,C99 0.013 2.954 -e.$ si 44.931

6. . o -00 300po 1-13 P.945 -2.994 4S.430
too0 e. 2. VC) 3.LZO 2.C13 2.936 -3.037 45.S29

1f , a. 2. ,3 3.e00 3.013 2.927 - 3- !b 46.428

20-0 0. . ft' 6. 3 1 e It. e.' 45.5002 I:e . .:e g., CPA~ e, 8, 4 &.f
22:e 09: 3) 6.- 3.00 0. 0. 46.S90
2C.8 0. 0. 1 oto O.Ce3 6o.94 e -0.940 44.994
P.e s. i.C90 1-1160 I.C03 0.934 -0.956 45.494
M0.e 6. 2.+e t. lee 2.83 C.929 -6.961 45.994

20.C p. 3o0#^0 I.et 3.1103 0.922 . -971 46.494
20.0 *. o. P.*as ee11 3.679 -1.879 44.975
2s t.. .ole r.ee e1.01 1.867 - 1.9r-e 45.47S

PG* 0 0. 2 .0 g 2.C@0 2.633 1.855 -1.923 4S.974
26s 0. 3-00 2.e.0 3F3-1 1.643 -1.942 46.474
eas6 6. e, 3- eel@ I.025 2.819 -2.617 44.943

en.6 *o l.C'- 3.es 0. 025 2.86 -2.848 45.443
20.0 6S. 2. ef 3.-Ce 2.025 2.783 -P.86a 4S.943
28.0 6. 3.0PO 3-COO 3.o25 2.765 -2.912 46.442\ PIo+. -l). " ... I. . ....e. . ¢ - Is. ... o - 4S.CooI
3P.0 S. 6. So 6.PLI 6 9. 4.0U 30- 0. I.0SO 0. l.fa0 0. Of 4 S .50
30.6 0. C. cc 0. 2.000 so 0. 46.8S
3g.0 6. 3 e0 0. 3.e0 6. a. 46.5001
3C.0 t. to i.9e a.ei4 0.866 -0.866 44.995
30.6 0. ].Coe i.eee 1."uj 0.657 -0.87L 45.495
30.0 0. 2. Flog 1.0 P. c 4. C1.849 -0.679 45.995
30.10 6. 3.Ot 0 I.ro 3. 4 4 0 -0.86S 46.495
300 l) 6. 2.600 coal5 1*732 - 1.732 44.961
30.0 0. 1.090 2.006 1.615 1-73S -1.744 45.461
30. . I. t.000 2.009 2*8135 1.697 -1757 4S.961
3S0 to 3,0.0 2. sel 3-IS 1680 -1.770 46.481

36.0 0. So 3,8098 M.54 2.598 -2.S97 44.956
30.0 0. I.ee 3.006 1.e34 2.572 -P.616 45.458
M1.0 0. * .000 3.ee1 2.033 2o545 -2.635 4 5.9!8
36O.0 s 3.000 3.008 3.033 2.519 -2.653 46.456
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TABLE 5-8. COMPARISON OF EXACT AND APPROXIMATE SOLUTIONS FOR
MIRROR POSITIONING ANGLES

4c)e 0.964 a aop
*3.96 3.06 0004 449 -06 -. 0 0.000

sot3 6.0 46.463l 3.403e 1.44 .0.000

g.09 -101 0.a 44-991 -00 0e.p 0.000

-1035 0.P 0.rl 4S.9910 0.599' 0.990 6.60
-05 -10 0.re 46.491 3.090 1.069 6.0.30

-0.935 -P096 1 -0.20 44.92 -6s -o.ee' @-eel

3.9107 -2.992 0.006 45.949 0-94 0.649 -0.006
-0.999 -991v9-0.020 46.463 1-463 0.A42 -0.000
-3.053 -3M -004 45.922 -00076 0e.992 .
-*6.02 -3.e27 -eos 46.42 3.42 1.42 -0.rge
I.9692 -3 .90C 

'.I 4 9 9 0 0 ~ 0. 3 3 - . 3
1.26-.06 -606 4s.919 0.969 0.969 -0.063

-*1957 -3.962 0.005 443 -. 69 A -.0 9 -601

@.03 so06 .0 45.929e 0.929 6.93t -0.004)
ad,83 -3.00 -. 46.L111 3.426 1.435 -. 00

00 0. 9* 46500 -se I-See 6. .10
-0.9 -89. 0.08 44-992 *-see -o.so&' o.0s0
-0.9 -0.9 -0.01 46.56? 3.069 stage -o.600

01-013 -1016 -003R 4S-991! V.94 0.992 -0.000
-I-doe -0.7 -0.0621 46.492 1.4192 5.494* -6.060
3.3769 -1.379 0.003 44.975 -0.0251 -0.09g 600
-10990 -5.0996 -006 45.469 0.469 *.449 -0.00
-23.926 -e.929 -0.003 45.964 0.964 t.969 -steel

-1.55 -2.354 -a.CCf 46464 0.67 -. 65 -0.081
1.346l -2.964 0.003 4493 -1049 0.4439 -e.000

-2.992 -2.996 -003 45-.10 0.430 54431 -6.0
-3.66 -367 -3.38 081 AS.949 0.993 0.931 -6.002
s308 C.08 -ee 0. 46S 1-429 1-43 00003

s. 45.50 40- *-Fseea ,.0 0 .coo
a* 6. 0. 4S.500 0560 63.06 0.660

s. so .s 46.590 3.1 0506 6.000 0
.0.940 -6.666 edge@ 44.995 -0.005 -0.005 @-ego
-60.07 -C.952 -0.008 450495 0.494 0.495 0.0000
-0.39 -0.968 -C.001 45.994 6.995 0.995 .0.000

-8.72 -1.879 0.066 44.95 -0.02S -0.026 6031 <
-03 -0.664 -0.063 46.495 0.495 3.495 -0.006
.3.944 -1.919 -0.000 45.94 0.94 6.407 000

-257 2 C9 .C63 44.943 *.005 -0.054 0.06

1.0636 .56 0.066 AS-443 0-443 0.4 -0.00f
.0.400 -2.579 -6.001 4S.956 0.953 6.953 6062t

-0.653 -0.852 -0.603 4549S5 .45 0.456 0.062 L
1059-.08-.t.,-9 095 099 -6*906s --664-0.01 4049 1-4S 149S -0C
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Include (1) a source of radiation, (2) appropriate spectral and neutral density filters, r b

(3) a condensing system to image the source onto the transparency plane, (4) a scene
transparency, (5) a projection lens, and (6) the motorized iris. Also included are C
one photodetector to monitor, and provide the feedback for stabilization of source
radiant intensity and two additional photodetectors to monitor the iris transmission
factor and provide feedback to the iris controls. This type of projector will be used
for the tailpipe, flare, plume, and infrared background. For the tailpipe, flare,
and plume, the scene transparency will be a set of moving blades that control the
apparent size of the target. In the background case, the transparency becomes a
rotating cloud wheel producing a random background scene.

The dual purpose UV-Visible fuselage and background projector is somewhat more
complex and is shown in Figure 5-33. The beam exiting from the first field lens is
divided Into two parts by a beamsplitter. Following the deviated path, the source is

imaged on a cloud wheel transparency which is then imaged by a projection lens on
the front surface of the highly polished transparency blades which act as an object
to the main projection lens. Light passing through the hole produced by the blades
is lost in the system, so that we have a background scene with a hole of variable
size (i.e., the fuselage) in it. This hole is then filled by an image of the source
whose brightness is less than that of the background scene, thereby producing the
required fuselage/background contrast ratio of less than one.

5. 3.3. 1.2 Components Definition

Each of the seven infrared projection lenses will have a 5 inch focal length, a 1.75
inch diameter clear aperture, and be made of arsenic trisulfide and calcium fluoride.
These projection lenses will exhibit less than 0.3 milliradian blur over a 1. 15 degree
field, with degrading performance up to the maximum seven degree field. The 1. 15
degree field is required for a 1 meter tailpipe seen at 50 meters (minimum) range
and demands sharp imagery. The plume and background, which occupy the larger
field, are fuzzy in real life and, therefore, require no special performance levels I
from the projection lens.

The UV-Visible projector will use a doublet made of lithium fluoride and quartz asI
its projection lens. It has a 5-inch focal length, and a 1" diameter clear aperture.
It must exhibit less than 0.3 milllradian blur over a seven degree field with poorer

performance allowable from seven to 14 degrees.

5.3.3.1.3 Energy Source Selection_"

The selection criterion for evaluating sources for use in the projectors is their ability
to achieve the required target radiance. The Infrared Simulation System is essentially
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specular, and In a specular optical system the image is as bright or as radiant as the
source except for losses in transmission. The three sources of opacity in our system
are:

(1) pupil expansion taking place in the display secondary I
(2) reflection losses in the display mirrors

* (3) transmission losses in the refractive elements of the projector.

As described in Section 5.2.3.4, the dimpled mirror is required to produce an exit
beam 11.64 inches in diameter. The opacity due to this expansion is then:

2B

0 _ (11.64)2

D P2

where Dp is the diameter of the projection lens exit pupil which varies according to 3
the size of the field being projected. Each of the directional mirrors is 1. 86 inches
In diameter and has a path length of 3.6 inches from it to the projector pupil. This
diameter then becomes:

Dp = 1.86 - (3.6) (2) (tan@)

where 0 is the half-field angle. The opacity traceable to all three sources is tabu-

lated in Table 5-9. 
0

Given the opacity of the mediating optics, it is possible to compare, for any given
source, the required surface radiance with that available in the source. Such cal-
culations, whose results are shown in Table 5-10, confirm that the Varian 150X8S
Xenon Illuminator has the required capability to serve as a universal source. This
lamp is a small, 5200"K solar simulator lamp with a sapphire window. The light
emitted from the lamp is approximately collimated and spans the full spectral range I
of interest. Average working life is 1000 hrs.

5.3.3.1.4 Contingency Planning g

Varian recently announced that production has temporarily been suspended because
of seal problems. Therefore, a search for a second source was begun so that IRSS
would not be delayed if Varian does not resume production in time. It was found the
ILC Laboratories, Inc., also makes a Xenon short arc with a sapphire envelope.
Its construction is more conventional, in that the envelope is tubular with no integral U
reflector. Its use, therefore, would require a slightly different condensing system.
On the advice of Dr. John Emmett of the Naval Research Laboratories, the feasibility
of using a Cesium (or Sodium) alkali-metal short arc lamp is also being investigated. U
The use of such a lamp in this application is a rather new development; however, the
device has excellent properties in the 1 to 5 micron region. Quotations for a lamp
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of this kind have been solicited from Holobeam, Inc., ILC Laboratories, Inc., and
the Electro-Optical Systems Division of the Xerox Corporation. GE Drawing No.

bSK56205-914 shows the projector layouts and a layout of the projection subsystem
(see Appendix C).

5.3.3.2 Transparency Design

1 5.3.3.2.1 Mechanical Design

All information with respect to size, shape, and aspect of the target is introduced
through motion of the transparency mechanism. Three basic shapes are required:
(1) a uniform circle (tailpipe and flare), (2) a rectangle of varying aspect (fuselage),
and (3) a triangle of varying aspect (plume). Figure 5-34 shows how sliding metal

3 vanes are used to synthesize these shapes and how the size Is related to target
range.

At the lower limit (i.e., a .05 meter radius flare at 5000 meters), the vane opening
would need to be 5 x 10-5 inches, a clearly impractical limit for any electro-
mechanical system. A more meaningful limit is obtained by limiting the minimum
opening to a value commensurate with the resolution capabilities of the projection
lens (which was described previously as 3 x 10 - 4 radians). This criterion would
then limit the minimum vane opening to a more manageable 7.5 x 10 - 4 inches. In
doing this, however, we introduce the problem of correct simulation of target
radiance once the vanes have hit their stops. This can be accomplished easily by
the additional refinement of engaging a servo-controlled iris at the transition point
as illustrated graphically in Figures 5-35, 5-36, and5-37. There the transparency
vane position and iris transmission requirements are shown for the tailpipe/flare,
plume, and fuselage. The mechanical and servo design of the iris %ill be discussed
in Section 5.3.3.3.

ft I Figure 5-38 illustrates the mechanical design concept and identifies the major com-
ponents of one channel (i.e., 2 vanes) of a two-channel tailpipe/flare transparency.
The drive mechanism uses preloaded (i. e., zero backlash) ball nuts to transform
rotary motion to linear motion. The screw has a ground thread with a cumulative
lead accuracy of . 0005 in/ft. The running friction is typically 10% of the running
torque with a 1% friction ripple. The screw lead (i.e., .0625 in) is sized to require
something close to a full rotation of the screw (i.e., 288') for full linear travel. Use
of this technique, and the very high accuracy of the screw lead, permit a single turn
potentiometer to be used as the position transducer after Initial calibration.

3 The fuselage and plume transparencies will use the same concept but the screw lead
will be. 333 in. and the vanes will be shaped differently. Detailed layouts of the three
transparency mechanisms are included in Appendix C (GE Drawings 47R196993,
47E193825, and 47R196994).
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3 5.3.3.2.2 Servo Analysis

5.3.3.2.2.1 Tailpipe and Flare Servo

a) Requirements and Design Rationale. - The tailpipe and flare servos' position
range is 5.0 x 10 - z inches. The bias error shall be less than 1.88 x I0 - 5 inches,
and the repeatability error shall be less than 3.8 x 10-6 inches at the smallest open-
ing. The dynamic lag error shall be less than 1.25 x 10-4 inches at the maximum
velocity and acceleration. The servo must follow position commands that move with

"3 an acceleration of 90 inches/sec 2 up to a velocity of 1.5 inches/sec.

Since maximum positional accuracy is required only at minimum vane openings, the
position potentiometer will likewise be required to maintain the specified .025%
accuracy specification only over a relatively small band, and may be allowed to
degrade as the opening increases. To this end, the potentiometer will be custom
compensated to meet the .025% linearity over a small rotational sector at the low
end of its travel.

.. A tachometer is used with a feedforward servo velocity command to the tach loop to
reduce the servos' dynamic lag error. This tachometer will also be used to reduce
the servo error caused by friction.

The servos' compensation and open loop crossover frequency are selected to keep the
servos' dynamic lag error to less than 1.25 x 10 - 4 inches and errors caused by static
friction to less than the 3.8 x 10-6 inches repeatability error.

In order to insure that the servos' settling time is less than the time it takes its
position command to reach a veloc!tv of 1.4 inches/sec moving with an acceleration
of 90 in/sec2 , an open loop crossover frequency, Wc, of 900 rad/sec is used.
Assuming a reasonable settling time, ts , of one-third the time it takes to reach the
1.5 in/sec velocity, then it follows that ts 

= 1,13(1.5/90) = 1/180 sec. The relation
between crossover frequency and settling time is approximately Wc = 5/ts and, there-
fore, the tailpipe and flare servos' crossover frequency is wc = (5) (180) = 900 rad/sec.

b) Component Definition. - The tailpipe and flare motor load inertia is 0. 023 oz-in. sec2 .
The motor is required to accelerate the load to 9000 rad/sec 2 (90 in/sec2 through a
16 turns/inch ball screw), to a velocity of 150 rad/sec (1.5 in/sec through a 16 turns/
inch ball screw). A PMI (U12M4) motor, which can generate the required torque

I(250 in-oz) at this high velocity of 150 rad/sec, is used.

A Magtech (2375-06) tachometer which has a maximum operating speed of i80 rad/sec
-1 is the rate pack-off component selected.

The custom compensated potentiometer described pre!'!Ously will be used for posi-3tion sensing.

The tailpipe and flare servo components are given in Figure 5-39.
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c) Servo Amplifier Gains.and Compensation Network Definition. - The servo ampli-
fier gains and compensation networks are given in Figure 5-39. The series corn-

I' pensation was chosen so that the open loop transfer function's crossover frequency

is 70 rad/sec, as required, and the open loop gain (13,500) is large enough to reduce
* the dynamic lag error below the 1.25 x 10-4 inches required. The series compen-

*sation's lag-lead network (S/150 1)/(S/10 +1) is needed to reduce the open loop gain
to 0 db at the 900 rad/sec crossover frequency and still provide the lead needed for

" a well-damped servo transient response. The compensation's lead network (S/900 - 1)/
i (S/7500 + 1) cancels the closed tach loop transfer function pole at 900 rad/sec and

replaces it with a pole at 7500 rad/sec.

SI The tachometer feedback loop acts to increase the motor mechanical pole from
83 rad/sec to 900 rad/sec.

U The open loop transfer function can be deterzrined from Figure 5-39 by first determin-
ing the closed tach loop transfer function

I 2,320

+ GH S(S/900 + 1) (S/7500 + 1)

U and then multiplying all transfer functions. The open loop transfer function is:

GOL' = -1350 (S/150 + 1)
S(S/10 + 1) (S/7500 + 1)2

d) Servo Performance. - The low frequency torque disturbance response is less than
1/30 microinch/in-oz. (see Figure 5-40) and, therefore, with even 10 in-ozs. of

* Istatic friction torque, the resulting error is much less than the allowed servo repeata-
bility error of 3.8 microinches. The servo repeatability error will, therefore, be
determined by the pot repeatability and this corresponds to less than 2 microinches.
The servo bias error is determined by the pot accuracy (assuming a linear and zero
backlash ball screw) and this corresponds to less than the 1.88 x 10- 5 inches required.

The dynamic lag error, E, for the tailpipe and flare servo with a velocity command
fed to the tach loop is:

I E= (-) [K(@1 -i"2 )-1] t(-C
KK ( 2

where 'r1 = 1/10 sec, r2 = 1/150 sec, K = 13.5 x 103 sec " , t = 1.5 in/sec, t
90 in/sec2 , and C is the amount of true velocity command fed to the tach loop (a 101,3 velocity error means 90% true velocity and C = 0.90).
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Substituting these tailpipe and flare servo parameters along with C = 0.90 (a velocity
command with a 10% error can easily be generated) into the dynamic lag error formula

results in a dynamic lag error'of 0. 845 x 10-4 inches and this is less than the 1.25 x
10-4 inches allowed.

The repeatability, bias, and dynamic lag error budgets are, therefore, all met by
3the tailpipe and flare servo.

5.3.3.2.2.2 Plume "Pi" Servo. - The Plume "P1 " servo requirements justify this
servo being the same as the tailpipe and flare servo. The plume "P1 " servos posi-
tion range is 2.5 x 10 - 2 inches (one-half of that of the tailpipe and flares servo). The
bias error shall be less than 1.88 x 10-5 inches and the repeatability error shall be
less than 3.8 x 10-6 inches (both the same as those of the tailpipe and flare servo).
The plume "Pi" servo must follow position commands that move with an acceleration
of 45 in/sec2 up to a velocity of 0.75 in/sec. These commands are both one-half of

* those of the tailpipe and flare servo; however, the settling time (ts = 1/3 (0.75/45) =
1/180 sec) and hence, the open loop crossover frequency (wc = 5/ts = 900 rad/sec) of
the plume "Pl" servo are required to be equal to those of the tailpipe and flare servo.

The Plume "P1" servos amplifier gains, compensation networks, and components are
the same as those of the tailpipe and flare servos and are given in Figure 5-39.

The Plume "PI" servos Bode diagram torque rejection and tach ripple rejection arec.. the same as those of the tailpipe and flare servos and are given in Figure 5-40.

Since the Plume "P 1 " servo requirements are equal or less than those of the tailpipe
and flare servos, this servo's repeatability, bias, and dynamic lag error budgets
are, therefore, all met.

- 5.3.3.2.2.3 Plume "P 2 " Servo

H a) Requirements and Design Rationale. - The plume "P2" servos position range is
0. 25 inches. The bias error shall be less than 4.25 x 10-5 inches and the repeat-3 ability error shall be less than 0.85 x 10-5 inches at minimum opening. The dynamic
lag error shall be less than 1.25 x 10-3 inches at maximum velocity and acceleration.

* The servo must follow position commands that move with an acceleration of 450
inches/sec2 up to a velocity of 4.5 inches/sec.

A high accuracy potentiometer will sense motor shaft angle with an accuracy corre-
sponding to better than 4.25 x 10-5 inches at the plume vane (motor shaft drivcs the
vane through a zero backlash 3 turns/inch ball screw).

U A tachometer is used with a feedforward servo velocity command to the tach loop to
reduce the servo's dynamic lag error. This tachometer will a'lso be used to reduce

if the servo error caused by friction.
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The servo's compensation and open'loop crossover frequency are selected to keep
its dynamic lag error to less than 4.25 x 10- 5 inches and errors caused by static
friction to less than 0.85 x 10-5 inches repeatability error.

In order to insure that the servo's settling time is less than the time it takes its
position command to reach a velocity of 4.5 inches/sec moving with an acceleration I
of 270 inches/sec2 , an open loop crossover frequency, w1 , of 900 rad/sec is used.
Assuming a reasonable settling time, ts , of one-third the time it takes to reach the
4.5 inches/sec velocity, then it follows that ts = 1/3 (4.5/270) = 1/so sec. The
relation between crossover frequency and settling time is approximately Wc = 5/ts
and, therefore, the Plume "P2" servo's crossover frequency is wc = (5) (180) =

900 rad/sec.

b) Component Definition. - The plume "P 2 " servo motor load inertia is 0.023 oz-in
sec. The motor is required to accelerate the load to 8,500 rad/sec2 (450 in/sec 2 I
through a 3 turns/inch ball screw) to a velocity of 142 rad/sec (7.5 in/sec also through
a 3 turns/inch ball screw). A PNII (U12M4) motor which can generate the required
torque (240 in-oz) at this high velocity of 142 rad/sec is used.

A Magtech (2375-06) tachometer which has a maximum operating speed of 180 rad/sec.
is the rate device selected.

The custom compensated potentiometer described in paragraph 5.3.3.2.2.1 will be
used here also but its accuracy at the low end must be increased to. 01%.

The tailpipe and flare servo components are given in Figure 5-41.

c) Servo Amplifier Gains and Compensation Network Definition. - The servo ampli-
fier gains and compensation networks are given in Figure 5-41. The series compen-
sation was chosen so that the open loop transfer function's crossover frequency is
70 rad/sec, as required, and the open loop gain (13,500) is large enough to reduce
the dynamic lag error below the 1.25 inches required. The series compensation's

lag-lead network (S/150 + I)/(S/10 1) is needed t. reduce the open loop gain to
0 db at the 90 ° rad/sec crossover frequency and still provide the lead needed for a
well-damped servo transient response. The compensation's lead network (S/900 - 1)/
(S/7500 + 1) cancels the closed tach loop transfer function pole at 900 rad/sec and
replaces it with a pole at 7500 rad/sec.

The tachometer feedback loop acts to increase the motor mechanical pole from
83 rad/sec to 900 rad/sec.

The open-loop transfer function can be determined from Figure 11 by first deterniin-
ing the closed tach loop transfer function -

2,320 -

1I' " H = S(S/900 + 1) (S/7500 1)
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and then multiplying all transfer functions. Neglecting the poles at .7500 rad/sec,
the open loop transfer function id:

1350 (S/150 - 1)

S (3/10 + 1) (S/7500 + 1)2

d) Servo Performance. - The low frequency torque disturbance response is less
than 1/6 microinch/in-oz (see Figure 5-42) and, therefore, even with 10 in-ozs of
static friction torque, the resulting error is much less than the allowed servo repeat-
ability error of 8 microlnches. The servo repeatability error will. therefore, be
determined by the pot repeatability and this corresponds to less than 7 microinches. 3
The servo bias error is determined by the pot accuracy (assuming a linear and zero
backlash ball screw) and this corresponds to less than the 6.75 x 10-5 inches required.

The dynamic lag error, E, for the plume "P 2 " servo with a velocity command fed to
the tach loop is:

E (1 -C) + [K (I - 2 ) - 1] P(I -C)

E K K23

where r1 = 1/10 sec, r2 = 1/150 sec, K = 13.5 x 10 sec', =7.5 in/sec, '=
450 in/sec2 and C is the amount of true velocity command fed to the tach loop (a 10' C3
velocity error means 90% true velocity and C = 0.90).

Substituting these plume "P 2 " servo parameters along with C = 0.90 (a velocity corn- 3
mand with a 10% error can easily be generated) into the dynamic lag error formula
results in a dynamic lag error of 0. 423 x 10-3 Inches, which is less than the 1.25 x
10- 3 inches allowed.

The repeatability, bias, and dynamic lag error budgets are therefore all met by the
plume "P 2 " servo.

5.3.3.2.2.4 Fuselage "f," Servo. - The fuselage "fl" servo requirements justify
this servo being the same as the plume "P 2 " servo. The fuselage "f1 " servo's posi-
tion range is 0.15 inches (.07 of that of the plume "P" servo). The bias error
shall be less than 4.25 x 10- 5 inches and the repeatability error shall be less than
8.5 x 10-6 inches (the same as the P 2 servo). The fuselage "f1 " servo must follow U
position commands that move with an acceleration of 270 in/sec2 up to a velocity of
4.5 in/sec. These commands are both 601 of those of the plume "P2" servo, how-
ever, the settling time (ts = 1/3 (4.5/270) = 1/10 see) and, hence, the open loop .
crossover frequency (w&'c = 5/ts = 900 rad/sec) of the fuselage "f," servo is required
to be equal to those of the plume "P 2 " servo.

The fuselage '1I" servos amplifier gains, compensation networks, and components
are the same as those of the plume "P 2 " servos and are given iW Figure 5-41.
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FU
The fuselage "f," servo's Bode diagram, torque rejection, and tach ripple rejection
are the same as those of the plume "P 2 " servos and are given in Figure 4-42.

Since the fuselage 'If" servo requirements are equal to or less than those of the
plume "P 2 " servos, the fuselage "fl" servos repeatability, bias, and dynamic lag
error budgets are, therefore, all met.

5.3.3.2.2.5 Fuselage "fo" Servo. - The fuselage "f2 " servo requirements justify
this servo being the same as the plume "P 2 " servo. The fuselage "f2 " servo's post-
tion range is .3 inches (120% of that of the plume "P2 ' servo). The bias error shall ,.

be less than 4.25 x 10-5 inches and the repeatability error shall be less than 8.5 x
10-6 inches (the same as the P2 servo). The fuselage "f2 ' servo must follow position
commands that move with an acceleration of 550 in/sec2 up to a velocity of 90 in/sec.

These commands are only 20% higher than the plume "P 2
1' servo and these higher

rates and accelerations are within the capability of the "P 2 " servo. Furthermore, 3
the dynamic lag error resulting from these higher commands is .51 x 10-3 inches
(20% higher than "P2" servo dynamic lag error of .423 x I0-3 inches) and this is less
than the 1. 25 x 10- 3 inches allowed.

The settling time (ts = 1/3 (9.2/530) = 1/180 sec), and, hence, the open loop cross- [
over frequency wc = 5/ts = 900 rad/sec) of the fuselage "f21" servo, is required to
be equal to those of the plume "P 2 " servo.

The fuselage "f2 " servos amplifier gains, compensation networks, and components dare the same as those of the plume "P 2 " servos and are given in Figure 5-41.

The fuselage "f2 1 servos Bode diagram, torque rejection, and tach ripple rejection
are the same as those of the plume "P2'' servos and are given in Figure 5-42.

The fuselage "f2 " servos repeatability, bias, and dynamic lag error budgets are, I
therefore, all met.

5.3.3.3 Iris Design I
5.3.3.3.1 Requirements

The iris transmission requirements are given in Figures 5-35 and 5-36 for the
tailpipe/flare and plume, respectively. Rather than inferring the transmissionof.
factor from the diameter of the opening for these projectors, it has been decided to
use two photodetectors and to take the ratio of their outputs as a direct measure-
ment of transmission. I
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This step is necessary for two reasons: (1) the illumination across the aperture is
not expected to be perfectly uniform, and (2) the apparent target radiance must be
controlled to 5%.

For the fuselage/UV-Visible projector and the infrared background projector, the
object radiance need not be varied during an intercept. It is. therefore, satisfactory
to use a potentiometer as a feedback element. Once the projector output has been
calibrated, any desired value of object radiance may be obtained by setting the iris
diameter with a potentiometer in the control console.

5.3.3.3.2 Design Details

The mechanism uses a commercially available 20-leaf iris driven by a DC torque
motor through a 2:1 gear train as shown in GE Drawing #SK56205-903, which is in-
cluded in Appendix C.

The iris transmission factor (T) is given by:
I d2

(44)2

where d is the diameter of the instantaneous iris opening in millimeters and 44 milli-
meters is the diameter of the maximum opening. The most severe iris require-
ments occur when a .1 meter diameter flare is being simulated (see Figure 5-33).
Since the range accuracy requirements extend only to 1500 meters, this corresponds
to a minimum transmission value of .04 or a diameter of 8.8 mm. Since it is the
area of the aperture that must be controlled to 5%, the instantaneous diameter must
be accurate to 2.25% or.2 mm.

5.3.3.3.3 Iris Servo Analysis

a) Requirements and Design Rationale. - The iris servo's position (iris diameter)
range is 44mm. The servo's bias error shall be less than 0.20mm at minimum
opening. The servo's dynamic lag error shall be less than 1mm at maximum open-
ing. The servo must follow position commands that move with an acceleration of
1650 mm/sec2 up to a velocity of 180 mm/sec.

3 An iris transmission sensor detects radiation transmission through the iris with an

accuracy corresponding to better than 0.20 mm at the iris. Since the transmission
sensor's gain is nonlinear, a linearizing function generator is placed at the output of
this sensor so as to maintain a linear open loop servo gain.

A tachometer is used to reduce the servo error caused by friction.

The servo's compensation and open loop crossover frequency are selected to keep the
servo's dynamic lag error to less than 1 mm and errors caused by static friction to
much less than 0.20 mm.
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In order to insure that the servo's settling time is less than the time it takes the
servo's position command to reach a velocity of 180 mm/sec moving with an accelera-
tion of 1650 mm/sec 2 , the open loop qrossover frequency, wec of 150 rad/sec is
used. Assuming a reasonable settling time, ts, of one-third the time it takes to
reach the 180 mm/sec. velocity, then it follows that ts = 1/3 (180/1650) = 1/30 sec.
The relation between crossover frequency and settling time is approximately w:c = 5/ts
and, therefore, the iris servo's crossover frequency is Wc = (5) (30) = 150 rad/sec. 3
b) Component Definition. - The iris servos' motor load inertia Is 0. 015 oz-In-sec 2 .

The motor is required to accelerate the load to 82 rad/sec 2 (1650 mm/sec2 through
a 18.2 mm/rad iris opening mechanism). It is the Inland (T-1352) 20 in-oz. motor.
An Inland 50A 50 watt amplifier is used with this motor.

A Magtech (2375-06) tachometer is used. The iris servo's components are given in
Figure 5-43. 7

c) Servo Amplifier Gains and Compensation Network Definition. - The servo ampli-
fier gains and compensation networks are given in Figure 1.- The series compensa-
tion was chosen sothat the openloop transferfunction's crossover frequency is 150 rad/
sec, as required, and the open loop gain (4, 500) is large enough to reduce the dynamic
lag error below the 0.22 mm required. The series compensation's lag-lead network
(S/30 - 1)/(S/1 + 1) is needed to reduce the open loop gain to 0 db at the 150 rad/secm

crossover frequency and still provide the lead needed for a well-damped servo tran-
sient response. The compensation's lead network (S/150 - 1)/(S/1500 - 1) cancels
the closed tach loop transfer function pole at 150 rad/sec and replaces it with a pole
at 1500 rad/sec. This pole only adds 6 degrees of phase shift at the 150 rad/sec
crossover frequency. 3
The tachometer feedback loop acts to increase the motor mechanical pole from 3
rad/sec. to 150 rad/sec.

The open-loop transfer function can be determined from Figure 5-43 by first determin-
ing the closed tach loop transfer function 5

G 2,300
1 + GH S(S/70 - 1) (S/3,333 1) fl

and then multiplying all transfer functions. Neglecting the pole at 2500 rad/sec, the
open loop transfer function is:

GOL = 4,500 (S/30 - 1)

S (S/ - 1) (S/1500 1)

d) Servo Performance. - The low frequency torque disturbance rejection (see
Figure 5-44) is about 1/900 mm/in-oz. and, therefore, even with 10 in-ozs of static
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friction torque, the resulting servo error is much less than the allowed servo bias
error of 0.20 mm. The servo bias error will, therefore, be determined by the iris
transmission sensor accuracy and this corresponds to less than 0.20 mm at the iris.

The dynamic lag error, E, for this iris servo is:

d K +E -- KK 2
K K2

U
where 1 

= 1 sec, r2 = 1/30 sec, r3 = 1/1500 sec, K = 4,5000 sec1, d = 180 mm/sec,
i and d = 1650 mm/sec2.

Substituting these iris servo parameters into the dynamic lag error formula results
in a dynamic lag error of 0.4 mm and this is less than the 1 mm allowed.

The bias and dynamic lag error budgets are therefore both met by the iris servo.

1 5.3.3.4 Cloud Wheel Design

5.3.3.4.1 Mechanical Design

The cloud wheel is a circular disc with interference filters of variable size, spaced
randomly around its periphery to simulate clouds. Since cloud wheel rates were not
specified it was assumed this rate should be equal to the instantaneous angular rate
of the display window in the field. The cloud wheel rate is given by

i 5 , where

5 is the focal length of the projection lens, 2 is the radius of the wheel aiQ e is the
display arm rate. Therefore,

5-

0 = e. '.I

A range of motion adequate for the simulation was determined to be = °/sec to
2500/sec with an accuracy of 40w; maximum acceleration is 10000/sec2 since5 that of the display arm is 400'/sec2 .

5.3.3.4.2 Cloud Wheel Rate Servo Analysis

a) Requirements and Design Rationale. - The cloud wheel rate servo's rate range is
1 deg/sec to 250 deg/sec. Wheel-acceleration is 1000 deg/sec 2 . Velocity accuracy
of ;10% is satisfactory.
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A tach with a voltage output at 1 deg/sec well above servo amplifier noise is used.
The servo's compensation and open loop crossover frequency are selected to keep
the servo's rate bias error caused by static friction and the servo's rate jitter error
caused by running friction to less than 1 deg/sec.

b) Component Definition. - An Inland motor (T-1352, 20 in-oz) is used. This motor U
can easily accelerate the 0.08 in-oz-sec load to 1000 deg/sec 2 (17.5 rad/sec 2 ) and
overcome static friction of not more than 5 in-oz. An Inland (50A) 50 watt power
amplifier is used with this motor.

An Inland (TG 2138) tach with a gradient of 2.2 v/rad/sec and a maximum rate of
28 rad/sec is used.

The cloud wheel rate servos components are given in Figure 5-45.

c) Servo Amplifier Gains and Compensation Network Definition. - The servo ampli-
fiers gains and compensation networks are given in Figure 5-45. The series com-
pensation was chosen so that: (1) the open loop transfer functions crossover fre-
quency is 300 rad/sec, which, is required to keep the servo's high frequency jitter
error below 1 deg/sec; and (2) the open loop gain is large enough to keep the servos'
rate bias error caused by static friction to less than 1 deg/sec. The series compen-
sation's lag-lead network (S/60 + 1)/(S/0. 6 + 1) is needed to reduce the open loop
gain to 0 db at the 300 rad/sec crossover frequency and still provide the lead needed
for a well-damped servo transient response. C3
d) Servo Performance. - The low frequency torque disturbance rejection (see
Figure 5-46) is 0.4mrad/sec/in-oz and, therefore, with 5 in-oz of static friction 3
torque, which is about the maximum expected, the rate bias error is only 0.1 deg/
sec. The high frequency peak torque disturbance rejection is about 40 mrad/sec/
in-oz and therefore running friction torque variations can be as high as 0.5 in-oz,
which is much higher than expected, before a 1 deg/sec jitter error is exceeded.

The tach output at 1 deg/sec is 40 millivolts and this is well above the expected
servo amplifier noise.

5.3.3.5 Target Rotation

In order to maintain proper orientation of the non-circular targets (i.e., plume
and fuselage) as they maneuver through the display field, rolling about the line of
sight axis, it is required to rotate these two transparencies.

The transparency mechanisms will be mounted on a pair of preloaded angular contact
bearings designed to limit axial travel to. 0005 inches and prevent defocusing. Angu-

lar position accuracy need not be high f- 5 degrees should be quite adequate). The
rates and accelerations have not been defined yet but a D.C. torque motor with a
timing belt drive will probably be used. C\
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5.3.4 PROJECTOR AZIMUTH TABLE

The projector azimuth table is a high-performance, angle-axis table on which the
projector assembly is mounted. The table must accept a digital command from the

Sdisplay arm's 16 bit azimuth shaft encoder and follow this command with a maximum
dynamic lag error of .1 mrad. It must follow a 1000/sec maximum velocity and aU i 400*/sec 2 maximum acceleration. A table manufactured by the Fecker Systems
Division of Owens Illinois Corporation will meet these requirements and has tenta-
tively been selected to fill this need.
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5.4 SUPPORT STRUCTURE DESIGN

5.4.1 SUMMARY

Selection of a support structure design was dictated by the optical requirements of the
system. These requirements (summarized in Table 5-11) are given in terms of the
allowable deflections and the natural frequency of the system. The initial design
approach taken was to design a structure with a minimum natural frequency of 100 Hz.
Because of the size of the system, it was realized that this was impractical and would
require a massive structure. A more realistic approach was then taken by assuming a I
damped system and looking at deflections caused by dynamic excitation and static load.
As a result, a preliminary support structure design was made which meets the optical
requirements as given in Table 5-11.

5.4.2 DESIGN ANALYSIS (Second Level)

The support structure up to the 2nd level (i. e., dimpled and folding mirrors) consists
of four square tube columns with cross members. The remaining structure consists
of four angles with cross members extending from the 2nd level to the 3rd level (i.e.,
collimating) mirrors. Both levels of mirrors will have a stiff structural frame acting
as a girder.

The structural adequacy of the support structure was examined. The first step was to
determine its stiffness and assume a realistic damping coefficient of the structure. From

TABLE 5-11. STRUCTURAL DEFLECTION REQUIREMENTS AS DETERMINED
BY OVERALL OPTICAL PATH ACCURACY REQUIREMENTS

2nd Level Mirrors 3rd Level Mirrors I
Maximum Horizontal Deflections *.05 inch (61) *.1 inch (62) I
Maximum Vertical Deflections *.025 inch (63) *.025 inch (64)

~I
FREQUENCIES VS. ANGULAR DEFLECTIONS

2nd Level Mirrors

Frequency Angular Deflections

100 Hz ---

.... 0001 md. 3
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this the amplification and magnification factors were calculated for resonant excitations.
The deflection for calculated dynamic loading at resonance was then found. The total
allowable static load on the system was also evaluated to ascertain the adequacy of the
design.

A computer analysis of the support structure (described previously) was made to
determine its stiffness and angular deflection under lateral load. The stiffness (h)of the system up to the second level was calculated to be 1. 1 x 106 lbs/in.

The angular deflection of the second level with a lateral load applied at the second
level was found to be 2.3 x 10-10 rad/lb. From Table 5-11, the allowable angular
deflection of the second level mirrors is 10- 4 rad. Thus. the allowable lateral load
that may be applied to the structure, based on angular deflection, is

p I x10- 4 rad

2.3 x 10- 10 rad/Ib.

P :435,000 lbs.

From Table 1. the allowable horizontal deflection (6 1) of the second level mirrors is
*.05 inches. Assuming that the mirrors are rigidly attached laterally to the structure,
the allowable load that may be applied to the structure, as governed by horizontal

Ideflection, is

P f h61

P i 1.1 x 10 6 lbs/in x .05 in.

P - 55,000 lbs.

Consequently, horizontal deflection governs the allowable lateral load.

] The magnitude of lateral load actually applied to the structure was assumed to be that
produced by the motion of the display arm. The resulting load used in the analysis is

Jthe centrifugal force which is given by:

I 2
P 1

where

K = Display arm radius of gyration (2 ft.)

I = Display arm azimuthal inertia (22 slug ft 2)

w = Display arm maximum angular rate (1.75 rad/sec)
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= (22 slug-It 2 ) (1.752 rad2 /sec 2)P~ 2 ft.

P 34 1bs.

The support structure will be a welded and bolted construction. Consequently, the
damping factor (C/Cc) of the system will be approximately

-U. .03
C

Under dynamic excitation a magnification H (w) of the applied load will occur. I
H (w) 2 2 1/

() 2-] + 4[C 2 112

nL~ c ni
When the frequency of excitation equals the natural frequency of the system, the
greatest magnification of load occurs and I

1 1

H (w ) = 1_ 1 - = 17
n  2C/C 2(.03) c7

At the natural frequency xn, the amplification, M(w), of base vibrations in the structure
will be at a maximum and be equal to H(wn): M(wn) = H(wn) = 17.

Therefore, the equivalent static load caused by dynamic excitation can reasonably be
expected to range around

P = H(wn) x 34 lbs. = 580 lbs.

Since this is 2 orders of magnitude less than the allowable static load, the structural
design appears to be entirely adequate.

Step Inputs caused by the sudden starts and stops of the motor may produce loads greater
than that obtained by the steady state dynamic loading analyzed previously. But a
step response is very unlikely to produce a load above the allowable static load of
55,000 lbs.

5.4.3 DESIGN ANALYSIS (Third Level)

Horizontal deflection of the 3rd level mirrors was the critical deflection governing
their support structure. The stiffness of the support structure from the 2nd level to
the 3rd level was calculated to be 14,700 lbs/In. Deflection of the 3rd level mirrors

U



ft caused by a resonant excitation at the second level will be approximately 17 times
* the amplitude of vibration of the 2nd level. A typical value of amplitude of vibration
Uwill be that produced by the centrifugal force of the display arm calculated previously.

I = 8 5.27 x 104in.AP 580 1-4

* 6--~h 6 =5.71 n
1.1 x 10

3 Therefore, assuming a resonant excitation of the 2nd level with the above amplitude,
the third level will deflect approximately

6 2 17 x 5.27 x 10- 4 in. = .01 in.
2(calc)

U Since this deflection is only one tenth of the maximum allowable (see Table 5-11), the
structural design is judged to be safely adequate at this level also.

I In other words, the support structure from the 2nd level to the 3rd level is capable of
withstanding resonant loads 10 times as large as those which may be produced by the
centrifugal acceleration of the display arm.

5. 4.4 MOUNTING BASE

It is important that the support structure, Guidance Unit Mount, and projector azimuth
table be mounted to a base that is stiff enough to prevent relative angular displacements
greater than 0.05 mrad. It is also important that the base provide enough damping to
prevent the transmission of unacceptable vibrations to these elements. A detailed
vibration analysis, to be carried out in Phase I1, and based on MICOM's environment
specifications, will determine if the existing floor is adequate and, If not, what kind
Isolation system is required. The performance of several conventional isolation
systems that may need to be employed is shown in Figure 5-47.
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Figure 5-47. IRSS Seismic Block Isolation Systems
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5.5 CONTROL CONSOLE AND COMPUTER INTERFACE SUBSYSTEM

5.5.1 INTRODUCTION

The control console includes, broadly, all of the electronic equipment necessary for
operation of the Infrared Simulation System including operator controls and interface
equipment. A plan view of the proposed operator's area is shown in Figure 5-48 and
includes the following major assemblies:I

1. Operator Console

2. Terminet Console*1
3. Digital Processor & Peripherals

4. Control Electronics, Motor Drivers, and Lamp Supplies

5. Guidance Unit Mount Electronics

6. Analog Processor (GFE: EAI 680)

5.5.2 ORGANIZATION

The functional organization of the IRSS electronics is shown in Figure 5-49. The
function of each of the major components is described briefly below, and in more
detail in succeeding paragraphs.

(a) control Electronics Includes all of the servo and control loop electronic
equipment necessary for operation of the 8-channel projector and display arm.

(b) Command and Data Management includes the analog and digital equipment
necessary for interfacing of command and performance data with the MICOM
hybrid computer facility and the various IRSS subsystems, and provides
the means to conduct open loop testing by generation of precision function
programs. The focal point of this section Is a GE-PAC 30 process con-
troller which enables wide flexibility in system usage through the various
software routines planned for the IRSS.

5 (c) Operator Controls and Displays provide the means to operate and monitor the
IRS System. The operator console will include the following:

1. System Power Control and Lock

2. Display Arm Controls

3. Projector Controls

4. Guidance Unit Mount Control Panel

5. Emergency Shutdown
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6. Operational Mode Selection

7. Manual (locking 10-turn potentiometer) input to each control loop

8. External (patching) input to each control loop

9. System Status Display

10. Data Monitor Jack Panel

11. System Test Equipment including:

Dual Beam Storage Oscilloscope

Function Generator

Digital Voltmeter

12. Teletype & Tape Reader/Punch Console (Terminet)

(d) Line-of-Sight and Directional Mirror Gimbal Angle Computation-These
computations are required to provide the display arm commands as a function
of the Guidance Unit and Guidance Unit Mount position data; and to generate
seven sets of directional mirror gimbal commands as a function of target
commands and display arm position. The necessity of performing these
complex computations in real time to a high degree of accuracy dictates the
use of an analog computer for this service.

(e) Guidance Unit Converter - The converter processes the guidance unit output
signal into the o and a spherical coordinates required for IRSS operation.
This unit will also contain the electronics for a single axis autopilot to
provide yaw command signals to the guidance unit mount during open loop
testing. Since the requirements of this converter are unique for each type
of test specimen, this unit must be provided by the using organization. An
interface connector will be included at the operator console which will
provide access to the required signal sources and command inputs. Access
to regulated supply voltages will also be available at the interface connnector
as a user convenience.

5.5.3 CONTROL ELECTRONICS

5.5.3.1 Function and Operation

The control electronics will implement the servo and control loops shown in Figures
5-50 to 5-56 and also the target rotation and iris transmission control loops not
included here. Type A transparencies are for tailpipe and plume pl; Type B are
plume P2 and fuselages, fl and f2 "
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Each loop will consist of one or more printed circuit cards containing the circuits

necessary to provide the required control functions.

Command inputs from the various sources will be switched by function relays or the
board to minimize noise and common mode errors. Relays will be commanded by
logic signals to set up the required operating modes.

Analog command inputs from the MICOM hybrid computer will be interfaced by means
of differential analog receivers which will provide the necessary common mode rejec-
tion and differential-to-single-ended transition.

Manual commands (operator console potentiometer) will be received via follower am-
plifiers in order to eliminate loading effects. This precaution is not necessary for the '.

external commands (operator console jack) where the command level may generally bc
monitored directly at the source. However, three non-committed buffer amplifiers 3
(accessible at the console) will be provided for use with high impedance sources. U

5.5.3.2 Self-Checking and Diagnostic Capability I

As part of the diagnostic and self-check capability, the error signal at the output of
each primary mode summer (e.g., position error in a position mode servo) will be
continuously monitored for recording and display. The error signal for each servo will
be thresholded against a fixed level based on the servo design error budget. Error
signals exceeding the pre-determined allowance will be used to set a bit in a recycling
error message word and will also set a visual flag on the operator console. This
scheme will allow an instant determination to be made of system performance during
a test run and will allow the time and location of off-normal errors to be easily
identified. The suspect circuit can then be evaluated in detail by means of the system
diagnostic data recorded during the run.

5.5.3.3 Equipment Safety

The control electronics will also contain the necessary equipment safety provisions
Intended to prevent damage to the display arm and/or Guidance Unit Mount in the
event of system malfunction. These circuits, operating on such parameters as q
position error, relative position, actual and derived rates, etc., will sense off- U
normal parameters and switch into rate limiting or shutdown modes that will prevent
equipment damage. These will, of course, be interlocking between the display arm
and Guidance Unit Mount such that both units will be shut-down if malfunction is scnse(I
in either one.
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5.5.4 COMMAND AND DATA MANAGEMENT SYSTEM (CDMS)

5.5a4.1 Description

The CDMS includes the analog and digital equipment necessary for interfacing and
management of commands and performance data among the IRSS subsystems and
provides the means to conduct open-loop testing by generation of precision program-
med functions as target commands.

i1 While functionally part of the CDMS, the analog receivers and output data buffers will
generally be integrated into the control loop or function being served. This section3 will thus primarily concern the digital constituent of the CDMS.

5.5.4.2 Digital Equipment

Digital equipment is required to (1) interface whole word and discrete commands and
data with the MICOM hybrid facility, (2) multiplex the commands to the separate

S output channels for transmission to the control electronics, (3) convert and multiplex
performance and diagnostic data for transmission to the MICOM Hybrid Computer
Laboratory for recording and evaluation, (4) provide program generation and record-
ing for open-loop testing, (5) provide for subtraction of display arm position from
target commands as a step in the directional mirror command sequence, and (6)

S provide a self-check capability for the entire IRS system.

Trade-off studies between special purpose digital equipment and a general purpose
process controller to satisfy these needs point heavily to the latter as the more cost-
effective and flexible design solution. The GE-PAC 30-2 process controller has been
selected for this application.

3 The GE-PAC 30-2 is a 16 bit device with a 2 microsecond memory cycle time. -he
I/O Multiplexer channel can service 256 devices at a 20K byte/second rate. A block
transfer can be made at 150K bytes/second. Additionally, selector channel outputs
are available at 500K bytes/second and a direct memory access (DIA) channel at
900K bytes/second. An extensive list of peripheral equipment as well as both analog

* and digital i/O interfaces are available. A real-time multiprogramming operating
system and a Fortran compiler are software packages supplied as part of the system.

*A block diagram of the proposed system is shown in Figure 5-57. This diagram depicts
* the baseline digital system plus several optional items (within the broken lines) which

are considered logical for future growth and expansion.
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5.5.4.3 Directions of Growth

FThe first expansion block is the addition of a drum memory. The drum will provide
the memory c.pability to program all targets at maximum rates for a full ten-second
(estimated) o! . loop test engagei .1nt. By comparison, the baseline system is
memory lim ind unable to provide full command/command rate capability. In
addition, sin. hIe memory will also be used for interim storage of performance and
diagnostic dat., during the test (followed by transfer to magnetic tape for permanent

Sstorage), the drum also increases the data recording capability of the system.

The second expansion group is the graphic display terminal which can serve as a3 powerful tool for test evaluation, data reduction, and many other tasks.

5.5.4.4 Command and Data Interface (Closed-Loop Testing)

5.5.4.4.1 Description

3 Digital interfacing with the MICOM hybrid computer facility (CDC 6600) during closed-
loop testing will be implemented via the direct memory access channel (DMAC) in the
GE-PAC 30-2. This approach allows data to be read into and out of memory inde-
pendent of the central processor and permits a significant improvement in data transfer
rate.

5.5.4.4.2 Data Requirements

The DMAC has sixteen data lines and eleven control lines. Seven of these control lines
will be used for CDC interface lines. The CDC controlled lines are Read, Write,
Data In, Data Out, Address In, and Address Out. A DMAC Busy signal will be moni-
tored by the CDC. Data flow within the CDMS is shown in Figure 5-58. Figure 3-59
shows a full list of both analog and digital data requirements.

5 5.5.4.4.3 Data Transmission

The table in figure 5-57 includes the parameter data rates. The rates have been
classified as high (1000 Hertz) or low (250 Hertz or lower) in order to form a reason-
able format. There are ten CDC input high rate parameters and twenty-five low rate
parameters. These have been put into a format in which the ten high rate parameters
and seven of the twenty-five low rate parameters are sent in groups. Each group
contains new values of all the high rate parameters and values for seven different low
rate parameters. After four groups have been transmitted, the cycle is complete,
since all the low rate channels have been sent once while the high rate channels have
been sent four times. Figure 5-60 lists the high and low rate parameters and il-
lustrates the format sequence. Data transfer can be accomplished in either a real
time mode or a block transfer mode. In the real time mode each group (1 7 words)
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Figure 5-38. Data Management Data Flow
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DIGITAL IN FROM CDCC

(1000 Hz) (250 Hz)L
PARAMETER HIGH RATE LOW RATE

yI
R1
0 7

1 7
t53

f 2
P 3
i _ _ 85

TOTAL 10 25

HR 1 HR 1 HR 1 HR 1

HR10 HR 10 HR10 HR10
LR 22 LR 1 LR, 8 LR 15

LR 28 LR 7 LR14 LR 21

HR - HIGH RATE
LR - LOW RATE (INCLUDES 3 SPARES)

Figure 5-60. Data In Format
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would be computed by the hybrid facility every millisecond and transmitted via the

CDC interface. In a block transfer mode a number of groups may be computed at the

hybrid facility and transmitted less frequently. This mode would not allow the control
precision of the real time mode but would ease the timing and computation problems which
might well occur at the hybrid facility. Data transmission to the hybrid facility will
be handled similarly. In this case, there are fifteen high-speed channels and thirty-
two low speed channels. This results in a twenty-three channel group (15 HR channels
+ 32/4 LR channels).

* 5.5.4.5 Function Program Generation for Open-Loop Testing

Operation of the IRSS digital electronics in conducting an open-loop simulation is3illustrated in Figure 5-61 and consists of four sub-operations as described below:

1. Program Preparation may be accomplished by operator inputs via graphic

input terminal and teletype. The computer core capability is sufficient to

contain a Fortran compiler so that this aid can be made available to the
operator. In the baseline configuration, the graphic terminal is not avail-

able, however, programs may still be generated from the teletype. Programs

II may, of course, also be generated on any suitable digital or hybrid facility.

2. After preparation, the stored program is then loaded into the IRSS magnetic

drum as shown in (B). In the baseline system, which does not provide drum
storage, the program will be loaded directly into the computer core memory.

The core storage capability is limited compared to that available with a drum.

3. The system is now ready for real time testing. Stored program data are

processed and sent to the control electronics. In turn, performance and

diagnostic data will be obtained from the system during test and stored in
the same drum for post-test data reduction.

4. Post-test data reduction can be accomplished using the configuration shownain (D). Data reduction in the ultimate system can include rapid investigation

of suspected anomalies, graphic display of sensor and/or system performance
with hard copy potential, and report generation support. After the data hive
been obtained, pertinent data may be transferred to magnetic tape for per-
manent storage.

5.5.5 OPERATOR CONSC

g 5.5.5.1 Description

The operator console Nvill contain the centralized conteols, displays, and readouts
necessary for operation of the IRS System. A low-profile console will be used to
permit visual observation of the Guidance Unit Mount and display arm by a seated
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A) PROGRAM PREPARATION3

B) PROGRAM INSERTION

DADDIGITAL DIGITAL CDC
OUTPUTS E INPUTS INTERFACEU

CONTROL ELECTRONICS

LOCAL C) REAL-TIME TEST
RECORDING f

RECORDRR

D) DATA REDUCTION AND STORAGE

Figure 5-61. Digital Electronics Operation For Open Loop Simulation
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? operator. It will include a full 'width writing surface. Adjacent to the main operator
console will be the Terminet console containing the teletype and high speed tape reader/
punch for communication with the GE-PAC-30 controller.

The operator console will contain the controls necessary to power-up and initialize the
Guidance Unit Mount, display arm, and projector subsystems. The master power
switch will be lockable to restrict unauthorized operation of the system. A guarded
emergency shut-down switch will also be provided to allow the operator rapidly to

*shut down the entire system.

5.5.5.2 Inputting

Manual inputs to the control loops will originate from ten-turn locking precision po-

tentiometers on the console. These potentiometers will be buffered by follower
stages to eliminate loading effects and can thus be set directly without compensation
to the precision afforded by the dial. If necessary, the console digital voltmeter can
be employed to improve setting precision.

The "external" input to each control loop is intended for use with an external dynamic
signal source such as a function generator. The majority of these instruments providesI sufficiently low output impedance that buffering is generally not necessary. For the
few instances where impedance buffering is needed, three non-committed follower
amplifiers will be provided at a console patch panel for insertion between a signal
source and the external input. Switching of the various input sources will be ac-
complished using low level relays. While not as desirable as solid state switching
from a reliability standpoint, they do provide optimum characteristics in other areas.
Contact resistances and thermal EMF's are low and sufficiently stable so as not to
affect the gain accuracy at the summing input; there is no common mode limit; and
isolation is excellent. The relatively slow response time and contact bounce %ill not
have any effect in this application. The primary candidate relay, GE type 3 SCV, has
a demonstrated life of 108 operations at low level conditions. The block contacts of
each relay will be used to provide a positive console indication of all active inputs to
each control loop, thus verifying that the IRSS is in the proper operational mode prior
to running a test problem.

5.5.5.3 Displays

Display of the various classes of system data will be structured to enable the operator
to observe quickly and ascertain system status and normalcy with a minimum of effort
and ambiguity. For example, discrete signal lights (LED devices) will be used to
indicate that a particular control loop has exceeded a preset limit, or which input
modes are enabled. Continuous display of variables data will be limited to those
instances where a judgment factor is advantageous or necessary. This will allow
the operator to devote his primary attention to test operations rather than system
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housekeeping. Actual variables data will, of course, be available at the console jack

panel for direct measurement using the built-in digital voltmeter and oscilloscope or

other diagnostic equipment.

5.5.6 LINE-OF-SIGHT (LOS) AND DIRECTIONAL MIRROR GIMBAL (DMG) ANGLE
COMPUTATIONi

5.5.6.1 Definition

The LOS computation is required to derive azimuth and elevation commands for the A
display arm as a position function of the Guidance Unit (o and B), and the Guidance Unit

MNount (P. Y, and R). The DMG computation involves a similar, although simpler,
calculation to be performed on the target commands after subtraction of the display
arm position data. The exact nature of the equations to be solved is discussed in
Section 5.2. 5. 1 of this report.

5.5.6.2 Implementation Alternatives

Several methods of performing the line-of-sight computations have been considered.
These calculations involve rectangular conversion of the Guidance Unit and G. U. Mount
polar data, operating on the resulting sine and cosine data, and then finally converting

to polar form for use as display arm commands.

Four methods have been considered: C)

I . Use of the MICOM hybrid computer facilities to perform the necessary con-
versions and arithmetics. This method is unattractive from the standpoint 0
that the IRSS would have no stand-alone capability and would always need
hybrid support for all but the very simplest test programs.

2. Use of a resolver computer chain - Discussions were held with Singer-
Kearfott Division on this approach. The results are that the best available
resolvers (1 minute) would not be able to achieve the desired 6 minute re-
sultant accuracy. Moreover, this method would have limited flexibility and
growth potential since it would be designed explicitly to operate with a two-

gimbal seeker head and could not be readily restructured for other possible g
systems.

3. Use of a digital computer - The serial nature of a digital machine virtually
precludes doing this computation digitally at the required real time rates.

4. Use of Analog Computing Equipment - The L-O-S equations have been implemented
using 30 millivolt (static error) multipliers at the GE-RESD computer facility. u
The results obtained were well within the desired error limit over the entire

angular range and demonstrate the suitability of analog solution.
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Discussions have been held with personnel of Electronic Associates, Inc., (EAI) of
Long Branch, New Jersey, concerning the most effective means (both from a techni-
cal and cost viewpoint) of performing these computations as part of the IRSS.

5.5.6.3 Suggested Approach

Considering the large number of multipliers and electronic resolvers needed for the
L-O-S calculation, and an even larger number of multipliers (plus one resolver)
needed to compute the directional mirror gimbal angle commands, the use of a standard
basic analog computer console outfitted with the required complement of multiplier
and resolver trays appears to be the most efficient solution. Although the machine
would be dedicated to L-O-S and D-M-G service by means of an immobilized patch-
board, this patchboard could be removed and the analog machine used to supplement
the digital in off-line preparation of function programs for open loop testing. It also
provides the desired flexibility and growth potential to support alternate L-O-S compu-
tations that might arise due to future seeker head gimbal configurations. Future
growth potential is also possible by expanding the standard console to its full capability
of integrators and summing amplifiers and using this expanded equipment to solve on-
line aerodynamic and guidance equations during simpler closed loop testing.

From the point of view of economics, the choice of a standard production machine
virtually eliminates non-recurring engineering charges and minimizes maintenance
program problems.

In the EAI line, both the model 7800 (100 volt) and the model 680 (10 volts) could
provide the desired accuracy. However, even a fully expanded 680 console cannot
support the required number of multipliers and additional equipment would be needed
to perform all seven sets of DMG calculations. This problem does not occur in the
larger 7800.

The use of the EAI 680 analog computer, which is available as GFE, will require some
restructuring of the proposed Line-of-Sight and Directional Mirror Gimbal Command
computational organization. Since a fully expanded 680 is not sufficient to handle the
entire problcm, various methods of achieving an acceptable solution have been in-
vestigated. These include:

1. Alternate ways to solve the required equations that will provide a closer
match to the equipment in 680 No. 262. EAI has provided an inventory list
of this machine that indicates the machine is not fully expanded. Additional
data are needed to continue this effort early in Phase II.

2. Split responsibility between the IRSS - 680 and the MICOM hybrid. For ex-
ample, use the 680 to do the L-O-S and two to three targets during closed
loop simulation, with the Hybrid doing the rest. Then, for open loop testing,
re-program the 680 to do the simplified (GUM pitch and roll constant) L-O-S
and possibly five targets. The optimum split will depend on the make-up of
the 680.
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3. Expansion of the 680 capability by acquisition of additional multiplier and
resolver trays plus necessary power supplies. This approach will probably
be the most convenient and cost effective way to achieve the desired stand-
alone capability.

4. In spite of possible procurement problems, trading-up from a 680 to a 7800
should not be overlooked.

Because of its critical function in the system, it is considered very desirable that the U
EAI 680 computer be made available to GE during the Philadelphia assembly, inte-
gration, and test phases.

5.5.7 ELECTROMAGNETIC COMPATIBILITY

Good EMI design practices will be followed throughout the design of the control console
and related equipments. These practices will insure that the IRSS will not be susceptible
to interference generated by nearby electrical/electronic equipment, and %Ill, also,
not be a source of interference to other sensitive equipment within the ACDF facility.

Particular attention will be paid to grounding, shielding, and interconnection techniques 3
in order to minimize noise and offset errors introduced through common mode and
pickup coupling. Adequate bypassing and the use of suitably low circuit impedances
will be followed as a general design philosophy. Where necessary, physical isolation
and separation will be maintained between high noise level harness lines and sensitive

signal lines to supplement normal cable shielding. Interfacing of the lESS to the
MICOM hybrid computers and other signal sources will employ differential analog and
digital receivers to insure rejection of common mode and induced error and noise
sources.

As a final precaution, the design will be reviewed at progressive stages by GE-RESD
EMC consultants to insure satisfactory performance of the completed design with
respect to existing electromagnetic interference standards.

5.5.8 MAINTAINABILITY

Maintainability of the IRSS electronic equipment has been considered as one of the
fundamental design considerations during the Phase I effort and will continue to be
emphasized during the remaining design activity. Although high quality commercial U
grade components, adequately derated, are being specified throughout, random part
failures are to be expected during the service life of the IRSS. To enable location and
repair of these failed parts in a reasonably expedient and painless manner, the follow-
ing philosophies are being followed:

1. Plug-in card construction will be employed. 0

2. Test points will be provided at key points and card extenders will be supplied
for troubleshooting purposes.
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3. Consistent with meeting performance requirements, selection of active and
passive components will be restricted to a controlled list of parts having
an established history of performance and a high potential of long term
availability on the replacement market.

I 4. A high degree of commonality among the various sub-assemblies will be
maintained in order to obtain maximum usefulness from any spare parts
stocking.

r 5. Documentation to be supplied will be sufficiently detailed to permit straight-
forward logical troubleshooting.

I 6. The diagnostic self-checks planned as a software package will allow defective
areas to be isolated quickly.
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1 6.0 GROWTH POTENTIAL

It is a matter of major concern that the Infrared Simulation System not only be ade-
quate to meet recognizable immediate needs, but have sufficient flexibility to assure
its usefulness in the future in as yet undefined applications. Consequently, room for

$ growth and modification must be built into the system from the beginning. There are
four logical directions for such future growth to take: extension of optical capabilities,

* extension of dynamic capabilities, expansion of the command and data management
* system for open loop testing, and new applications.

6.1 EXTENSION OF OPTICAL CAPABILITIES

The optical capabilities of the Infrared Simulation System are defined in terms of the
spatial complexity possible in the generated scene, the spectral range and complexityI possible, the radiant power available, the optical resolution, and the field of view.
In our design approach, all these features are capable of extension without major

* redesign, with the largest potential existing in the areas of image complexity
(signatures as well as scenes).

The principle of compound projection Is not limited to the single-stage compounding
built into the present design. Each projector in the array can be made to project a
target subassembly which itself is the product of compounding. The principle is

Ft- illustrated in Figure 6-1. Extremely complex scenes can be synthesized in this way.
The reserve of radiance available in the presently specified sources is adequate to
allow two-stage compounding at least through the 0.3-to 3-micron region.

I The source in each projector can also be made compound, thereby allowing the prac-
tical synthesis of complex spectra. Examples include the addition of line radiation

flto an otherwise continuous plume, or the synthesis of a two-component infrared
terrain background.

In Table 5-10, it was shown that the radiance available with presently specified
sources is adequate to exceed all specified requirements by varying degrees, except
for flares in the 3-to-5-micron region, which just meet the requirements. By pro-
jection of multiple, superposed images, however, superradiant flares up to 600
percent higher than specified can be generated.

5 The optical resolution of the system was computed to be .7 mrad. This might be
increased slightly by using a better projection lens but is primarily limited by the
display subsystem performance.

The present display window subtends 7 degrees, adequate to ensure filling a 6-degree
sensor field at all times. Although the display is not inherently limited to 7 degrees,
the mechanical design limits expansion to 8 or 9 degrees without major redesign of
the display arm.
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Figure 6-1. Extension to 2-State Compound Projection

6.2 EXTENSION OF DYNAIC CAPABILITIES

Dynamic requirements affect the Guidance Unit Mount, the target positioning apparatus,
and the target range control mechanisms. (J
The principal point to be noted here is that to a large extent this extension of dynamic
capabilities has already been achieved in the IRSS design because the Supplemental
Specification guidelines provided to GE-RESD by *IICOM% on 2 February 1971 have
been Incorporated to the fullest extent possible in the dynamic design requirements
of the various subsystems, and particularly of the Guidance Unit Mount.

Target rates could be increased further, possibly with some sacrifice of accuracy,
but other major changes probably would involve significant redesign effort.

6.3 EXPANSION OF THE COMMAND AND DATA MIANAGEMENT SYSTEMN
CAPABILITY FOR OPEN-LOOP TESTING

In Its present configuration, the command and data management system does not
have the capacity to provide arbitrary complex function generation for all of the servo C
loops in the system for the nominal 10 second engagement. However, by trading off
program complexity, program length, and number of targets, the IRSS will be more
than adequate for present open loop testing needs. If in the future these needs
increase, however, a drum storage unit may be added to the present system which
will increase system capacity tremendously.
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Another growth item, providing increased system capability, is a graphic display
unit. This would greatly simplify off-line program generation while adding the* capability for real time visual monitoring of the engagement.

3 6.4 FUTURE ALTERNATIVE USES

The immediate application of the Infrared Simulation System will be to Army ground-
to-air missiles employing passive ifrared and electro-optical homing sensors.
Other, future applications might include Army ground-to-ground and air-to-ground
missiles employing laser semi-active or command-to-line-of-sight guidance. The
IRSS design concept is easily adapted to tests of either of these forms of guidance.

To test missiles employing laser semi-active guidance (target designator systems),
it is only necessary to substitute the laser for the presently specified Varian
collimated arc source (possibly with a beam expander), employ a flare transparency,
and with neutral density filters and the dynamic iris control the apparent radiance of
the spot at the target. Jitter is readily introduced at the projector controls. If
sensors fixed to the missile are involved, the display window will, of course, be
slaved to the guidance unit mount.

I Command-to-line-of- sight guidance usually involved two electro-optical systems, both
of which can be tested in this apparatus. In a typical system of this type, the
command unit held by the gunner observes the target and the receding missile and,
based on a comparison of missile position and line of sight, transmits an up, down,
left, or right command to the missile via modulation of the command beam. The
missile, on the other hand, observes a receding source whose position in the field
varies (if an imaging sensor) and whose signal is changing. Both ends of the command
link can be tested in this simulator. The missile can be mounted tail first and pre-
sented with an image of a receding source whose modulation changes as its computer-
directed relative position changes. Such a test can evaluate the optical capabilities
of the sensor when working against realistic backgrounds, and the dynamic response
of the missile. Next, the command unit can be mounted in the Guidance Unit Mount

and presented with an image of the receding missile to test its ability to track and
generate the proper commands. The command modulation can be picked up at the
projector assembly by a missile receiver (it travels backward through the simulator)
and used to control apparent missile position, employing the dynamic characteristics
derived in the first part of the test.

1I
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, APPENDIX B

4 June 1971 MINUTES OF rEETIN,3

To: R. Hoflman, Subcontract Specialist
Rm. 2534 Chestnut St.

Subject: Man-inement Review Roard Meetlnn for the IRSS Subcontractors

Date of Meeting: May 25, 1971

Attendees: Go Hammett, Chairman Mananement Review Board
R. F. Hall, Manager, Development S/C Bus. Mgmt.
R. Beessler, Project Engineer
To Pauley, Technical Staff
R. tlolman, Subcontract Specialist
J. Donato, Finance

This Management Review Board was convened by the Chairman for the purpose
of selecting a proposed subcontractor for the Guidance Unit Mount (GU'4) for5 the IRSS Program and for providing auldance In accordance with PPI 4.8.

Mr. HolIman presented the backqround for the four (4) companies that were

sent RFP's. Two (2) proposals worn received and the technical and financial
evaluatIons of these proposals from Carco and Nar s-Illlnois (Fecker Systems
Division) were reviewed. Technical Evaluations per PPI 3.11 had been performed

and, following financial evaluations, recommendations were prepared by
Mr. Hollman and his team. The Board comilimented the team on the professionalism
displayed.

3 The enclosures to these minutes contain the details of the evaluations.

The over all technical ratinis were as follows based on a 5 point rating
system, Selection was made on the basis of nominal system requirements. "Nominal"

requirements are those which meet the contract requirements. On this oasis

comparison is as follows:

CARCO OWENS- LL I W)I S

TochnIcal 295 315

Financial $238,'004 FFP $221,132 FF.P

The customer has exorossed a desire (in conference) for a caDability beyond
that expressed In the contract. Recoonizinq this as a notenti.il requirement the
buyer soliclated and his team reviewed proposed compliance with the "hinh p#er-
foriance" requirements. Siqniflcantly, Owens-Illinois (Feckcr Systes) was the
more able of the two and the difference was so significant as to overccr%3 the
pricinq factor. (Sea next pano)
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CARCO OWENS-ILLINOIS 3
Technical 323 379

Financial $238,516 $257,419

The Board concurred with a recommendation for selection and award to
Owens-Illinois (Fecker)l Inasmuch as the price had been arrived at com-
petively, there was no apparent reason for obtaininq formalized cost or
pricing data or certification under PL87-653. The team was, howover, charged
to perform fact finding and negotiation with Fecker to the extent. necessary
to Insure a mutual understanding of technical requirements and to insure
that pricing is accordinqly proper. In the event of any siqnificant technical 1
or pricing changes (chanqes which would cast doubt on the validity of the
competition or cause an increase in price of more than 5%) the team must
return to the Board for further guidance. Otherwise the award'may proceed.

7I

Attachments: tJ

I. Preliminary Engineering Evaluation of GUM Proposals
2. Team Presentation Charts

Ii
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PROGRAM: INFRARED S IMULATION S I"7

CUSTOMIZ: U.So- ARMY MISSILE COtItAND

REDSTONE ARSENAL, ALABAMA "

IRDEB ONTRACT: DAAIO1-71-C-0571

REQUEST FOR PROPOSAL: RB-A 4110

T =TO BE PURCHASED: 3
3 AXIS GIMBAL TYPE GUIDANCE UNIT MOUNT
FOR FLIGHT MDTION SDLATOR 3

COMPANIES SOLICITED:

AEROFLEX LABORATORIES 3
CARCO ELECTRONICS
GOERZ OPTICAL COMPANY 3
FECKER SYSTENS DIV. OF OWENS-ILLINOIS

I

I

~I
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LI COST PROPOSALS RECEIVED:..

NOMINAL SPECIFICATIONS:

FZCXER SYSTES DIV. $ 221,132 FF
"1 CARCO ELECTRONICS $ 238,004 FF2

CARCo (ALTERNATE) $180,090 FF2

NIGH PERFORMANCZ SPECIFICATIONS:

nC l , SYSTEM DIV: ' $ 257,419 FF2
CARO ELECTRONICS $ 2380,516 FF

CRO(ALTERNATE) $180,602 FF2
PRICES INCLUDE DIGITAL/ANALOG
CONVERTERt-ENCODER,

NOMINAL SPECIFICATIONS MEET OUR CUSTOMER'S
REQ~UM

S~COMPANIES FACT FOUND:
FECKER SYSTEMS DIV. OF OWENS-ILLINOIS

I

I
I •e

2 5/11/71
RBI
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ENGINEERING EVALUATION:

RATED ON 34 TECHNICAL REQUIREZENTS

RATING FECCER SYS CARCO

5 MEETS SPECS. 30 25l
3 NEARLY MEETS 3 7
1 FAILS TO MEET 1 2

3T u
REQUIREMENT FECKER SISTEMS FAILS TO JEET"

WEIGHT "11" - CONSIDERED INSIGNIFICANT "

291,5 ANGULAR READOUT RJMORDING
DEVICE - ACCURATE TO .50 t .10

REQUIREMENTS CARCO FAILS TO MEET - BOTH
WEIGHT "5" " CONSIDERED CRITICAL

2,1.9 GUIDANCE UNIT COOLING - CRYOGENIC "
ROTATING JOINT

2,4,2o6 BANDWIDDI.- YAW 25 HZ g
PITCH 25 HZ

ROLL 25 HZ

3 5/11/71

.8I

210 ) p
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I
o OHER FACTOrS

CARCO ELECTRONICS - SMALL BUSINESS-
MENLO PARK, CALIF.

FECKER SYSTEIS DIV. - LARGE BUSINESS.
PITTSBUlGH2 PA.

PERCEIT OF WORK TiAT WOULD BE SUBCONTRACTED:

BY CARCO ELECTRONICS 30.
BY FECIR SYSTMIS DIV.' 147

UBOTH! COMPANIES ARE EXPERIENCED IN THE PRODUJCTION OF FLIGHT
MOTION SIMULATOMS. DUE TO OUR EXPERIENCE WITH BO711 CO\'[PANIES.
WE HAVE GREATER CONFIDENCE IN FECKER SYSTE2J DIVISION.

CONCLUSIONS

SYSTEM PROPOSED BY CARCO ELECTRONICS DOES NOT KEET TECHNICAL
U REQUIREMENTS' THIS OUTIEIGIUS COST DIFFERENTIALS.

AWARD RECO'.0WDED TO FEC,.R SYSTEI.S DIVISION OF a4ENS-ILLINOIS.

I

3 4 5111/71
RBI

3211



3, Expansion of the 680 capabili', by acquisition of additional multiplier and
resolver trays plus necessary power supplies. This approach will probably
be the most convenient and cost effective way to achieve the desired stand-

alone capability.

4. In spite of possible procurement problems, trading-up from a 680 to a 7800
should not be overlooked.

Because of its critical function in the system, it is considered very desirable that the
EAT 680 computer be made available to GE during the Philadelphia assembly, inte-
gration, and test phases.

5.5.7 ELECTROMAGNETIC COMPATIBILITY

Good EMI design practices will be followed throughout the design of the control console
and related equipments. These practices will insure that the IRSS will not be susceptible
to interference generated by nearby electrical/electronic equipment, and will, also,
not be a source of interference to other sensitive equipment within the ACDF facility.

Particular attention will be paid to grounding, shielding, and interconnection techniques
in order to minimize noise and offset errors introduced through common mode and
pickup coupling. Adequate bypassing and the use of suitably low circuit impedances
will be followed as a general design philosophy. Where necessary, physical isolation
and separation will be maintained between high noise level harness lines and sensitive

signal lines to supplement normal cable shielding. Interfacing of the IRSS to the
MICOM hybrid computers and other signal sources will employ differential analog and
digital receivers to insure rejection of common mode and induced error and noise
sources,

As a final precaution, the design will be reviewed at progressive stages by GE-RESD
4. EMC consultants to insure satisfactory performance of the completed design with

respect to existing electromagnetic interference standards.

5.5.8 MAINTAINABILITY

Maintainability of the TRSS electronic equipment has been considered as one of the
fundamental design considerations during the Phase I effort and will continue to be
emphasized during the remaining design activity. Although high quality commercial
grade components, adequately derated, are being specified throughout, random part
failures are to be expected during the service life of the IRSS. To enable location and
repair of these failed parts in a reasonably expedient and painless manner, the follow-
ing philosophies are being followed:

1. Plug-in card construction will be employed.

2. Test points will be provided at key points and card extenders will be supplied
for troubleshooting purposes. Ci
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3. Consistent with meeting performance requirements, selection of active and
passive components will be restricted to a controlled list of parts having
an established history of performance and a high potential of long term
availability on the replacement market.

4. A high degree of commonality among the various sub-assemblies will be
maintained in order to obtain maximum usefulness from any spare parts
stocking.

5. Documentation to be supplied will be sufficiently detailed to permit straight-
forward logical troubleshooting.

1 6. The diagnostic self-checks planned as a software package will allow defective
areas to be isolated quickly.
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1 6.0 GROWTH POTENTIAL

* It is a matter of major concern that the Infrared Simulation System not only be ade-
quate to meet recognizable immediate needs, but have sufficient flexibility to assure

* its usefulness in the future in as yet undefined applications. Consequently, room for
Sgrowth and modification must be built into the system from the beginning. There are

four logical directions for such future growth to take: extension of optical capabilities,
extension of dynamic capabilities, expansion of the command and data managementii system for open loop testing, and new applications.

6.1 EXTENSION OF OPTICAL CAPABILITIES

The optical capabilities of the Infrared Simulation System are defined in terms of the
spatial complexity possible in the generated scene, the spectral range and complexity
possible, the radiant power available, the optical resolution, and the field of view.
In our design approach, all these features are capable of extension without major
redesign, with the largest potential existing in the areas of image complexity
(signatures as well as scenes).

The principle of compound projection is not limited to the single-stage compounding
built into the present design. Each projector in the array can be made to project a
target subassembly which itself is the product of compounding. The principle is
illustrated in Figure 6-1. Extremely complex scenes can be synthesized in this way.
The reserve of radiance available in the presently specified sources is adequate to
allow two-stage compounding at least through the 0.3-to 3-micron region.

I The source in each projector can also be made compound, thereby allowing the prac-
tical synthesis of complex spectra. Examples include the addition of line radiation
to an otherwise continuous plume, or the synthesis of a two-component infrared
terrain background.

In Table 5-10, it was shown that the radiance available with presently specified
sources is adequate to exceed all specified requirements by varying degrees, except
for flares in the 3-to-5-micron region, which just meet the requirements. By pro-
jection of multiple, superposed images, however, superradiant flares up to 600
percent higher than specified can be generated.

The optical resolution of the system was computed to be .7 mrad. This might be
increased slightly by using a better projection lens but is primarily limited by the
display subsystem performance.

The present display window subtends 7 degrees, adequate to ensure filling a 6-degree
sensor field at all times. Although the display is not inherently limited to 7 degrees,
the mechanical design limits expansion to 8 or 9 degrees without major redesign of
the display arm.

i 181



rI
projection leases collimator

Seo n ix c

Main Projection lens

rFirst mixe~r

I"

collamsta,
project ion leaset-0'

Figure 6-1. Extension to 2-State Compound Projection

6.2 EXTENSION OF DYNAMIC CAPABILITIES 3
Dynamic requirements affect the Guidance Unit Mount, the target positioning apparatus,

and the target range control mechanisms. cJ
The principal point to be noted here is that to a large extent this extension of dynamic

capabilities has already been achieved in the IRSS design because the Supplemental
Specification guidelines provided to GE-RESD by MICOM on 2 February 1971 have

been incorporated to the fullest extent possible in the dynamic design requirements

of the various subsystems, and particularly of the Guidance Unit Mount.

Target rates could be increased further, possibly with some sacrifice of accuracy,

but other major changes probably would involve significant redesign effort.

6.3 EXPANSION OF THE COMMAND AND DATA MANAGEMENT SYSTEM
CAPABILITY FOR OPEN-LOOP TESTING

In Its present configuration, the command and data management system does not 3.
have the capacity to provide arbitrary complex function generation for all of the servo

loops n the system for the nominal 10 second engagement. However, by trading off

program complexity, program length, and number of targets, the IRSS will be more .
than adequate for present open loop testing needs. If in the future these needs

increase, however, a drum storage unit may be added to the present system which

will increase system capacity tremendously.

9
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Another growth item, providing increased system capability, is a graphic display
unit. This would greatly sigaplify off-line program generation while adding the
capability for real time visual monitoring of the engagement.

6.4 FUTURE ALTERNATIVE USES

The immediate application of the Infrared Simulation System will be to Army ground-
* to-air missiles employing passive infrared and electro-optical homing sensors.

Other, future applications might Include Army ground-to-ground and air-to-ground
missiles employing laser semi-active or command-to-line-of-sight guidance. The
IRSS design concept is easily adapted to tests of either of these forms of guidance.

To test missiles employing laser semi-active guidance (target designator systems),
* it is only necessary to substitute the laser for the presently specified Varian

collimated arc source (possibly with a beam expander), employ a flare transparency,
and with neutral density filters and the dynamic iris control the apparent radiance of

* the spot at the target. Jitter is readily introduced at the projector controls. If
sensors fixed to the missile are involved, the display window will, of course, be
slaved to the guidance unit mount.

I Command-to-line-of-sight guidance usually involved two electro-optical systems, both
of which can be tested in this apparatus. In a typical system of this type, the
command unit held by the gunner observes the target and the receding missile and,
based on a comparison of missile position and line of sight, transmits an up, down,
left, or right command to the missile via modulation of the command beam. The
missile, on the other hand, observes a receding source whose position in the field
varies (if an imaging sensor) and whose signal is changing. Both ends of the command
link can be tested in this simulator. The missile can be mounted tail first and pre-

- sented with an image of a receding source whose modulation changes as its computer-
•U directed relative position changes. Such a test can evaluate the optical capabilities

of the sensor when working against realistic backgrounds, and the dynamic response

of the missile. Next, the command unit can be mounted in the Guidance Unit Mountii and presented with an image of the receding missile to test its ability to track and
generate the proper commands. The command modulation can be picked up at the
projector assembly by a missile receiver (it travels backward through the simulator)
and used to control apparent missile position, employing the dynamic characteristics
derived in the first part of the test.

I
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APPENDIX.B

4 June 1971 MINUTES OF MEETI 33

To: R. Hol Iman, SubcontractSpeciallst
Rm. 2534 Chestnut St.

Subject: ManAement Review nokird Moetin. for tho IRSS Subcontractors

Date of Meeting: May 25, 1971

I Attendees: G. Hamett, Chairman Mananement Review Board
R. F. Hall-, Manarer, Development S/C Bus. Mgmt.

SR. Baessler, Project Engineer
T. Pauley, Technical Staff
R. Ilollman, Subcontract Specialist
J. Donato, Finance

This Manaqement Review Board was convened by the Chairman for the purpose
of selecting a proposed subcontractor for the Guidance Unit Mount (GV4) for
the IRSS Program and for providing guidance In accordance with PPI 4.8.

Mr. Hollman presented the backqround for the four (4) companies that were
sent RFP's. Two (2) proposals wern received and the technical and financial
evaluations of these propxosals from farco and ('aris-ltinois (Focker Systems
Division) were reviewed. Technical Evaluations per PPI 3.11 had been performed
and, followinq financial evaluations, recommond-i ions were prepared by
Mr. HolIman and his team. The Board comolimented the team on the professionalism
displayed.

5 The enclosures to these minutes contain the details of the evaluations.

The over all technical ratinos were as follows based on a 5 point rating
system. Selection was made on the basis of nominal system requirements. "Nominal"requirements are those which meet the conrract requirements. On this basis
comparison is as follows:

'~ 3CARC) OWENS- ILLI1401S

Technical 295 315

Financial $238,'004 FFP $221,132 FFP

3 The customer has exorossod a desire (In conference) for a capability beyond
that exoressed In the contract. Recoonizinq this as a ootential rouiromont the

*buyer soliciated and his team reviewed oroposod complin~co with the "hinh per-
* formance" requiroeamnts. Siniflcantly, Owens-Illinois (Focker Systom) was the

more able of tho two and the difforenco was so significant as to overcroe the
pricinq factor. (Seo next page)
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CARCO OWENS-ILLINOIS 3
Technical 323 379 3
Financial $238,516 $257v419

The Board concurred with a recommendation for selection and award to
Owns-IIInols (Fecker)** Ina'smuch as the price had been arrived at com-
petively, there was no apparent reason for obtaining formalized cost or I
pricing data or certification under PL87-653. The team was, however, charged
to perform fact finding and negotiation with .ecker to the extent- necessary
to Insure a mutual understanding of technIcal requirements and to Insure
that pricing is accordingly proper. In the event of any siqnificant technical

:1 or pricing changes (chanqes which would cast doubt on the validity of the

competition or cause an Increase In price of more than 5%) the team must
return to the Board for further guidance. Otherwise the award may proceed.

C2dI00 tt, Jr.

Attachments:3

I. Preliminary Engineering Evaluation of GI Proposals
2. Team Presentation Charts 3
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ci
PROGRAM: INFRARED SUIJATION SYXSTEM

CUSTOMER: U.S. ARIMY MISSILE CO-I1AND
REDSTONE ARSENAL, ALABAMA

PRDflM CONTRACT: DAAHO-71-C-0571

REQUEST FOR P1DPOSAL: RE-A 4110

ITEM TO BE PURCTIASED: 3
3 AXIS GIMBAL TYPE GUIDANCE UNIT MOUNT
FOR FLIGHT MOTION SIMULATOR i

COMPANIES SOLICITED:

AEROFLEX LABORATORIES
CARCO ELECTRONICS
GOERZ O1VTICAL COM4PANY
FECKER SYSTEIS DIVo' OF OWENS-ILLINOIS

5/11/71 1
RI

206
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3 COST PROPOSALS RECEIVED:.

NOMINAL SPECIFICATIONS:

I'1 UFEC1UER S'YSTEMS DIV*' $ 2219132 FF?
* CARCO ELECTRONICS 4238,004 FF1?
*CARCO (ALTERNATE) 4180,090 FF1?

HIGH PERFORMANCE SPECIFICATIONS:

FECKER SYSTEMS DIV. $ 257,419 FF1?
*CARCO ELECTRONICS $238,516 FF?
*CARGO (ALTERNATE) 4180,602 FF1?

* PRICES INCLUDE DIGITAL/ANALOG
* CONVERTER-ENCODER

NOMINAL SPECIFICATIONS MEET OUR CUSTOIHER'S
rw REQUIR11ENTS

3 COMPANIES FACT FOUND:

FECKER SYSTEMS DIV. OF OWENS-ILLINOIS

U2 5/11/71
RB11

209



L I I

ENGINEERING EVALUATION:

RATED ON 34 TECHNICAL RQUIREIIENTIS

RATINP FECKER SYS CARCO

5 MEETS SPECS. 30 25 I
3 NEARLY MEETS 3 7
I FAILS TO MEET 1 2

LV

REQUIREMENT FECKER SYSTEMS FAIS TO MEET"
WEIGHT "1" " CONSIDERED INSIGNIFICANT -

2,1.5 ANGULAR READOUT RECORDING
DEVICE - ACCURATE TO .50 * .10

REQUIREMENTS CARCO FAILS TO MEET - BO1I
WEIGHT "5" " CONSIDERED CRITICAL

2.1.9 GUIDANCE UNIT COOLING - CRYOGENIC -C

ROTATING JOINT

2.4.2.6 BANI4IDTI: YAW 25 HZ -
PITCH 25 HZ
ROLL 25 HZ 3

I

:3 .15/11/71 1
RBH

210 ia .
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3 OTHER FACTORS

CARCO ELECTRONICS - SMALL BUSINESS"3 MENLO PARK, CALIF.

FECKER SYSTEMS DIV. - LARGE BUSINESS
PITTSBURGH, PA.'

PERCENT OF WORK THAT WOULD BE SUBCONTRACTED:

BY CARCO ELECTRONICS 307.
BY FECIXR SYSTEIS DIV.' 147

BOTH COMPANIES ArE EXPERIENCED IN THE PRODUCTION OF FLIGHT
MOTION SIMULATORS. DUE TO OUR EXPERIENCE WITH BOTh COMPANIES,
WE HAVE GREATER CONFIDENCE IN FECKER SYSTEMS DIVISION.'

CONCLUSIONS

SYSTEM PROPOSED BY CARCO ELECTRONICS DOES NOT MEET TECH1NICAL
REQUIRE MNTS.' THIS OUT.,EIGIIS COST DIFFERENTIALS.

I AWARD RECO.ZIIDED TO FECKER SYSTEIS DIVISION OF CfENS-ILLINOIS.

I

I
U

4 5/11/71
RBII

211
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APPENDIX C

DRAWINGS

SK56205-537
47D1 78914
47D1 78910
47D1 78912
47D1 78946
47D178947
47D1 78918
47D 78948
47R196990
SK56205-538
SK56205-534
47R196992
SK56205-914
47R196993
47EI93825
47R196994
SK56205-903

fI
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